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1. Introduction
1.1 Conformational changes of macromolecules in living objects. Structure-Function
relationship
Biomacromolecules (proteins and nucleic acids) are extraordinary complex objects performing fundamental
tasks for the cell’s viability. Their complexity lies, not only in their static structure, but also in their structural
dynamics which are critical for biological function.
Proteins are hetero-polymers composed by 20 different monomers, the amino acids (a.a.). These amino acids are
bound together by a peptide bond and for this reason they are also known as polypeptides. The amino acids have
two main components: (1) a backbone forming region, identical for all a.a. which, by binding to the previous and
to the following monomer, is forming the polymer chain, and (2) a side chain. These lateral groups interact with
each other along the same polypeptide. These interactions are the driving forces that fold the chain in an unique
three dimensional conformation: the so called folded conformation. The information of the linear a.a. sequence is
thus transferred into a more complex interaction pattern producing the final functional protein form. An
important detail to outline is that, except for some particular cases (disulfide bonds), these interactions are weak,
i.e., non covalent. The main interactions are: the hydrogen bond and the hydrophobic interaction. The former
allows the chain to form locally ordered structures (-helices, -sheets) via H-bonds between nearest neighbour
a.a. and the latter, due to the burying of the hydrophobic residues inside the structure to exclude water, stabilizes
the whole structure. The energy of these interactions is in the range of the thermal energy kBT, making the
proteins fragile in case of external shocks. It is well known in fact that proteins, if heated above certain
temperatures or exposed to extreme pH, unfold and often change their three dimensional structure to another one
which is no longer bio-functional or, even worst, toxic for the cell. Why does the cell choose such interactions to
build up its main functional “bricks” instead of producing more stable objects with strong internal interactions?
The answer is in the first sentence of this section. The high efficiency of the proteins in performing their
biological functions is based on the structural flexibility which allows them to change the conformation to drive
the many different kinds of chemical reactions in the cell. A compact fully covalently stabilized structure would
be for example much more thermally stable but, like a stone, it would probably be unable to perform any kind of
function except scaffolding.
This short introduction to structural stability of biomacromolecules has been presented in order to clarify the
structure-function relationship. Increasing structural stability generally leads to decreasing function and living
matter has to find a trade off between the two opposing trends. It will be shown in section 3 that, to overcome
partially this obstacle, the cell has developed a special set of proteins dedicate precisely to the problem of
thermal or osmotic destabilization of other proteins.
A wide class of different proteins exists in the cell accomplishing many different tasks: basic enzymatic
catalysis, transfer of compounds to the different cellular compartments, tailoring DNA chains, refolding other
proteins or degrading them. In all these reactions, the structural flexibility plays an important role. In fact, by
changing conformation, the proteins are able to convert chemical energy into mechanical movements necessary
for different pathways or even, in the more elaborated cases, to regulate their own activity as a function of some
external parameters. For the last case mentioned, probably the most fascinating one is the so called allosteric
control in which proteins, usually multimeric, develop cooperative effects in order to enhance or deplete their
activity [1]. An example is the reduction of the enzymatic activity in absence of the substrate. This particular
kind of control is usually carried out by concerted movements of the different parts of a protein or of different
subunits that build a complex. In chapter 3 one of the most intriguing examples of this mechanism will be
presented: the double cooperativity of the molecular chaperone GroEL [2].
Nucleic acids are as well hetero-polymers, but they are composed by four monomers whose detailed chemical
structure will be described in chapter 4. Similar to proteins, they have a one dimensional arrangement which is
provided by the covalent bond of a monomer with the following one and a three dimensional structure which is
achieved by means of the same main weak interaction: hydrogen bond and hydrophobic interaction. It is evident
that also their structure has an intrinsic flexibility. DNA and RNA, in fact, exist under different forms
accomplishing very different tasks, including catalysis, but their main involvement is in the transmission of
information. At different points during the expression of genetic information they play a precise role: DNA is
storing the information and somehow it is involved in the regulation of its expression; RNA messenger is
transferring the information from the storage to the productive units; the ribosomal RNA is the scaffolding of the
productive units (ribosomes) and participating in the catalysis of the polypeptide formation; and transfer RNA
translates one RNA triplet sequence into one amino acid. These are the main characters in the cell, but there are
others which are not present in all organisms and are playing other important roles like the small nucleolar RNAs
which participate in the splicing of RNA in Eukaryotes. There is finally the rybozime that, as suggested by the
name, is a RNA with catalytic activity.
It is straightforward that in all the above described conditions the nucleic acids are present in very different three
dimensional conformations. For example, the DNA can be condensed in the cell’s nuclei and transiently is
replicated or transcribed, the RNA of the ribosome is participating in a real catalytic activity but is also the
scaffold of the ribosomal subunits.
As it will be seen in chapter 4, the cell is changing quite easily the structure of DNA in response to external
stimuli, e.g., an increase of supercoiling as a response to osmotic stress affects the expression of genes important
for osmolite uptake [3]. Some sequences like palindromes (inverted repeats) are undergoing a structural change
called cruciform extrusion which is locally destabilizing the double helix making protein binding more
favorable.
From these examples it is evident how important it can be to study the change of conformation in
biomacromolecules. This field of research has been revolutionized by the discovery of structural characterization
techniques, like X-ray crystallography or electron microscopy. The evolution of the experimental techniques has
made it possible at the present time to follow the macromolecules in a proper environment so that they remain
active. The aim of this thesis work is the use of single molecule imaging to study and to follow the structural
changes and rearrangements of different biomolecucles. The big advantage of single molecule techniques over
other techniques is that, looking at one molecule at a time, the measured properties are not averaged over a huge
amount of molecules like in classical bulk techniques. Thus, the interpretation of the results is not so strongly
dependent on assumptions as it is often the case for bulk measurements.
The images have been collected by Atomic Force Microscope which allows to have nanometer scale topographic
resolution in liquid and in air. Furthermore it can measure other properties like hydrophobicity at the single
molecule level with nanometer lateral resolution. It means that one is able not only to characterize the three
dimensional structure of a molecule, but also to detect changes in the local physico-chemical properties.
In chapter 2, the Atomic Force Microscope (AFM) will be introduced historically and its main modes of
operation will be illustrated. A brief description of the other techniques used will be given in the last paragraphs.
Chapter 3 will be devoted to the description of an application of the AFM to GroEL, the chaperonin of E.coli.
After an introduction to molecular chaperones, the experiments performed on GroEL in liquid will be shown.
These experiments concern the mechanical stability of GroEL and how it is affected by the binding of different
nucleotides. In the last part of the chapter, the use of the AFM as a probe to follow the changes in the physico-
chemical properties of the GroEL cavity upon conformational change is reported.
In chapter 4, supercoiled DNA will be the main subject of study. After a brief introduction to DNA and to its
topological description, AFM imaging of the different topological states at various temperatures of depositions
will be presented. In parallel, the gel electrophoresis characterization will be always shown. In the first part, the
effect of extreme growing conditions has been examined, while in the second part the experiments were mainly
focused on the effect of a DNA binding molecule. A special section of this chapter has been devoted to the study
of the possibility of extracting the end-to-end distance from AFM images, correlating it with the interaction
DNA-substrate surface. It will be demonstrated that by AFM it is possible to extract the fractal dimension of
DNA in 3 dimensions (solution conformation). A practical application on knotted DNA molecules will be
reported at the end of the chapter.
2. Experimental methods
2.1 Atomic Force Microscopy
2.1.1 Introduction to scanning probe microscopies.
In 1981, at the IBM laboratories in Zurich, G. Binnig, H. Rohrer, C. Gerber and E. Weibel [4, 5] discovered that
the combination of the electron tunneling through a vacuum gap between a sharp tungsten tip and a platinum
sample, combined with the ability to scan one tip over a platinum surface allowed one to image atomic structures
directly in the real space. They had discovered the scanning tunneling microscopy (STM). Since then, their
discovery has continuously broadened our knowledge and perception of the structures and processes which take
place at atomic scale. The STM has triggered the development of a whole family of so called scanning probe
microscopes (SPM). This name originates from the fact that they are all based on a local probe that is scanned
onto a sample, allowing one to measure physical properties of materials on a small scale, by mean of a variety of
different spectroscopic methods. This wide class of microscopes provided so far information about nanometer
scale properties of the matter which were inaccessible by other techniques.
A broad variety of forces acts between the tip and the sample in the previously mentioned STM. These forces
were exploited to develop another type of scanning probe microscopy, the atomic force microscopy (AFM). This
microscope in the last decade has broadened the applications of the SPMs in a consistent way. In fact, differently
from the STM, it no longer uses tunneling electrons to probe the local properties of the sample surface, rather it
exploits the tip-sample force interaction. Since this interaction does not depend on conducting samples and tips,
the AFM can be applied to all the insulating materials as well, extending consistently the range of materials
which can be studied by the local probe techniques. Isolating materials were in fact a big problem for all the
electron spectroscopy methods due to charging problems.
Besides the advantages described above, the real cutting edge advantage of the AFM is that it can be operated in
principle in all gaseous and liquids environments (including vacuum).
Due to the kind of interactions used for the imaging (which will be described later) it does not require any
vacuum conditions.
The possibility of scanning insulators together with that of working under liquid environment opened to the
AFM the entire world of the biological materials. In fact all processes regulating living organisms take place in
an aqueous environment and all the most relevant biological molecules are not good conductors.
Before focusing on the AFM, a brief historical review is presented of the surface profilometry and surface force
measurements which are closely related to the atomic force microscope and which gave inspiration to its
discoverers.
2.1.2 Surface force apparatus (SFA) and Van der Waals forces.
The van der Walls (vdW) forces usually dominate the interaction between two electrically neutral and non-
magnetic bodies which are held at a distance of few to several tens of nanometers. These forces, at the atomic or
molecular level, can be separated into orientation, induction and dispersion forces.  Orientation forces originate
between two molecules which have a permanent multipole, while induction forces are due to the interaction
between a polar molecule and a non polar one where a polarity is induced by the presence of the first one.
The charge fluctuations producing finite fluctuating dipole and higher multipole moments in non-polar
molecules give instead origin to the interactions known as dispersion forces. These forces at small separations
are known as London forces and can be described by the following force-distance dependence:
The vdW forces acting between two macroscopic bodies can be calculated in a first approximation considering
just these London forces and assuming that they are additive; this leads for a sphere of radius R at a distance s
from a surface:
where H is the material dependent Hamaker constant.
Long time before the invention of AFM, which will be the main instrument for such a purpose, the vdW forces
were already studied accurately by mean of the surface force apparatus (SFA). First developed by the Tabor
group in Cambridge [6] and later perfected by the Israelachvili group in Santa Barbara [7], this instrument
allowed one to measure the interaction forces between two cylinders of atomically smooth mica surface which
are approached one another using piezoelectric transducers. The force is deduced by measuring the deflection z
of a spring, onto which one of the mica is glued, according to the Hook law:
where c is the spring constant. By varying the stiffness of the spring a wide range of forces can be measured (up
to seven orders of magnitude). To measure the separation between the two surfaces optical interferometry is
used. All these methods (optical detection of small displacements, deflection based force sensors) will play an
important role in the development of the atomic force microscopes in the following years. Using relatively soft
springs a resolution of 10-8 N was easily achieved.
The importance of the SFA was not only in its ability to measure interactions between different molecules which
had been previously deposed onto the mica surfaces, but in its mode of operation which allowed to vary the
environment where such forces were measured, especially in liquid. In figure 2.1 is reported a schematical
drawing of the SFA developed by the Israelachvili group.
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2.1.3 Surface profilometer
The stylus profilometer is an instrument developed long time before the discovery of scanning probe
microscopies, but its task as well as its way of working are strongly related to the present AFM. The
profilometry was for several years the main instrument to measure the roughness of the materials surfaces. The
topographic map was obtained, similarly to STM, by scanning a stylus tip onto the surface and collecting the
height signal by a transducer.  The main differences compared to the present techniques of force microscopy are:
the size of the tip which was of the order of 1-2 m and the force exerted onto the sample by the tip. In fact, the
probe was in mechanical contact with the surface and the forces between them was of the order of 10-4N. It is
important to underline that with such forces a smaller tip would have been difficult to use because of the huge
pressures developed. The two mentioned factors were the main limits to the quality of the measurements
performed by this instrument which were always with a lateral resolution above 100 nm.
2.1.4 The birth of atomic force microscope
The atomic force microscope, invented by Binnig, Quate and Gerber in 1982 [8], can be considered as a hybrid
between the surface force apparatus and the profilometer. In fact, the AFM overcomes the main limitations of
both those techniques and exploits at the maximum level their advantages. The AFM uses a lever as a force
sensor (like the SFA) and a sharp tip as probe of the surface topography (like the profilometer but much more
sharp). In addition the tip is scanned over the sample in the way as a profilometer, but with a higher lateral
resolution. This combination reaches high force resolution (10-11 – 10-10 N) while having a high lateral resolution
(of the order of 10-10 m). Going more into the details of the first AFM produced by the Binnig group, it is
important to underline that it was completely based on the previously discovered STM. A diamond tip attached
to a soft cantilever was brought in contact with the sample (Al2O3); the force interaction between them after
approaching each other causes the cantilever to deflect according to the Hook law (equation 2.3). These
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Fig. 2.1: Surface Force Apparatus
deflections can be sensed by a STM tip within tunneling distance of the rear side of the cantilever. A topographic
map of the sample surface is obtained by keeping the force (cantilever deflection) constant while scanning the
sample relative to the tip.
In figure 2.2 is shown the setup used by Binnig et al. and it is evident the coupling between the STM feedback
loop, used to measure the deflection of the cantilever and the piezo moving the cantilever in order to keep
constant force. The main disadvantage of such configuration was that the rear side of the cantilever should be
conductive and extremely flat; otherwise, the roughness of this surface could be detected by the STM system and
recorded mixed with the sample topography leading to artifacts. The second major problem is that the STM
exerts approximately the same force but opposite on the lever as the AFM tip; thus the leveer can be in an
unstable state.
As it is possible to deduce from this description, the most important and critical component of an AFM is the
cantilever-type spring. The other components are in fact mostly inspired to the STM. Because of the mechanical
detection of the tip-sample interaction and, as a consequence, of the surface topography, it is very important that
the system is, as little as possible, sensitive to the external mechanical noise. Especially concerning the low
frequencies, it is very important that they are not transmitted to the probe sensor. To achieve this, the
microscopes are usually put on special anti vibration tables which, having very small resonance frequencies,
screen the external mechanical noise. In addition cantilevers with very high resonance frequencies will be
relatively less sensitive to low frequency noise.
The resonance frequency of a spring system is given by:
where c is the spring constant and m the effective mass loading the spring. As it is evident if one wants to keep,
as is the case for AFM, a soft spring, the only way to increase is to decrease the mass and this can be achieved
Fig. 2.2: the first Atomic Force
Microscope done in 1982 by
Binnig, Quate and Gerber.
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only by reducing as much as possible the size of the cantilever. For example, to obtain a resonance frequency in
the range 10-100 KHz with a cantilever of spring constant of ~0.1-1 N/m, using the following relation:
where E is the Young modulus, and l, w and t respectively the length, width and thickness of the cantilever, it is
necessary a lever approximately 100 m long and 1 m thick. Such dimensions are achievable nowadays by
means of the micro fabrication technology. In figure 2.3 are shown some scanning electron microscope images
of the silicon nitride cantilever used for the images in our laboratory. The triangular shape is necessary to reduce
as much as possible the lateral deflection which can affect the images quality; the length is 100 m. The
cantilevers shown in figure have a resonance frequency of about 10-80 KHz and the tip shape is pyramidal.
Another very important characteristic of the AFM probes is the tip size. In fact this parameter is dominating the
final resolution of the microscope, a sharper tip will allow a higher lateral resolution. The sharpness of the tip
can be well described by two parameters: the tip curvature radius and its aspect ratio. The former is the real
radius of the tip in the approximation that it is spherical and determines the size of the details that the AFM will
be able to resolve; the latter, instead, is a measure of the opening angle of the cone representing the full tip, and
represent how deep the tip will penetrate between two adjacent structures on the surface.
Once the optimal sensor for the topography has been chosen, it is necessary to detect quantitatively the
deflection of it. Several methods have been used in the last years starting from the STM based illustrated in
figure 2.2. Presently, the most widely used is the optical detection system. The cantilever displacement is
measured by detecting the displacement of a laser beam which is reflected off the rear side of the cantilever. The
direction of the reflected laser beam is sensed by a position-sensitive detector, typically a four quadrant
photodiode which consists in four photoactive segments that are separated by about 10 m. This method usually
Eq. 2.5
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by Scanning Electron Microscope
achieves sub-Angstrom sensitivity. In figure 2.4 is schematically drawn this kind of system where a laser beam is
reflected by the rear side of a cantilever and detected by a four quadrant sensor.
In contrast with the tunneling method, the laser beam exerts just a negligible force (~1.6 10-11 N for a 7 mW
laser) [9] on the cantilever. In addition, the laser reflection is much less sensitive to the roughness of the surface
and it can be used also with the cantilever-tip system immersed in liquid. The last property is of fundamental
value when dealing with biological samples.
The other critical part of a scanning probe microscope is the control electronics. Usually a physical quantity
related to the tip-sample separation, like the tunneling current for the STM, is measured, this value is then
compared with a demanded value and the resultant error signal is fed into the feedback amplifier which usually
consists of a proportional amplifier and an analog integrator. The feedback signal is then applied to the z-
piezoelectric scanner which is moved in order to minimize the difference between the measured value and the
demanded one.The other task of a SPM controller is to measure for each x and y positions on the sample the
height of the sample.  In figure 2.5 is reported a scheme of  a SPM feedback loop where it is possible to identify
all the described components.
Fig. 2.4: principle of the laser detection of the
cantilever deflection. A laser beam is reflected
by the gold coating to a position sensitive
photo-detector.
2.1.5 Atomic force microscope imaging in contact mode
The first and for long time the most diffuse way of operating the atomic force microscope for collecting
topographic images was the contact mode. In this mode, the cantilever is in contact with the sample and is
deflected in a quasi-static way according to the Hook law (equation 2.3). The deflection is directly measured, for
example by measuring the displacement of the reflected laser beam on the detector, and this signal is introduced
in the feedback loop to provide the topography of the surface. Once the deflection has been measured, it is the
choice of the experimentator to decide which physical quantity must be kept constant by introducing it in the
feedback. The most common way to record the topography is the so called “constant force imaging (CFI)”. In
this way, once the cantilever has been brought into contact with the sample, its deflection is kept constant equal
to a certain value called “set point”. This is achieved by keeping constant the position of the laser beam on the
four-quadrant photo-detector. In detail, in the configuration where the sample is scanned below the cantilever,
the measured value of the deflection is introduced in the feedback loop and it is compared to the set point value.
Then a tension is applied to the piezo-scanner in the vertical (z) direction in order to bring the deflection value to
be equal to the set point. The values of the tension applied to the scanner, for each x-y lateral position, constitute
the topography of the sample surface. The image obtained in this way is really an equiforce surface. It is evident
how such a kind of image may be strongly influenced by the local tip-sample force interaction.
Another way to image the sample’s surface in contact mode is the “variable deflection imaging” or “constant
height mode”. In this case the deflection of the cantilever is allowed to change while scanning. The deflection of
the lever is recorded as topography. The almost complete absence of feedback regulation allows to the
microscope, when operated in this way, to scan faster. On the other hand the data obtained are of difficult
interpretation because the measured contours do not represent an equiforce surface.
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2.1.6 Atomic force microscope imaging in tapping mode
In the last decade the atomic force microscope (AFM) invented by Binnig et al. [8] has been  significantly
improved when a vibrating probe was used to explore the surface topography [10, 11]. The first attempt to
exploit the dynamical properties of an oscillated probe was performed at the IBM laboratories by the group of
Dürig to evaluate the tip surface interaction in a STM [12]. Since then, dynamic AFM methods are emerging as
powerful and versatile techniques for atomic and nanometer-scale characterization and manipulation of a wide
variety of surfaces. High resolution images of both solid state and biological samples have been obtained in this
way reaching often a quality and a richness of information largely superior to contact mode images.
As in all the imaging modes of a SPM a quantity related to the force interaction between the tip (now oscillating)
and the sample must be introduced into the feedback loop and used for sampling the topography of the surface.
For an oscillating spring the oscillation amplitude, the resonance frequency or the phase shift are all suitable
quantities to be used and according to the choice slightly different topographic information will be obtained.
Presently, two major dynamic AFM modes, amplitude modulation atomic force microscopy (AM-AFM) [11, 13]
and frequency modulation atomic force microscopy (FM-AFM) [14] are being developed to measure the
topography of a sample surface. In AM-AFM (also known as tapping-mode, TM-AFM), the cantilever is excited
at or near its free resonance frequency. The oscillation amplitude is used as a feedback parameter to measure the
topography of the sample surface. Additionally, material properties variations could be mapped by recording the
phase shift between the driving force and the tip oscillation. On the other hand, in frequency modulation the
cantilever is kept oscillating with a fixed amplitude at its resonance frequency. This resonance frequency
depends on the forces acting between tip and sample surface. The spatial dependence of the frequency shift, the
difference between the actual resonance frequency and that of the free lever, is the source of contrast. An image
is formed by profiling the surface topography with a constant frequency shift. Most experiments in UHV are
performed in FM-AFM while the majority of the experiments in air or in liquids are performed in AM-AFM
[15]. In this work we shall focus on TM-AFM because is the one used for all the experiments performed.
As mentioned before, in tapping mode the cantilever is oscillated near its resonance frequency onto the sample
surface. The amplitude of oscillation, which changes upon approaching the surface, is then kept constant by the
feedback loop. The topography recorded will be the vertical displacements of the z piezoelectric scanners in
order to keep the oscillation amplitude at a pre fixed constant value.
In this mode of operation, usually the tip touches the sample just at the very end of its oscillation, reducing in
this way at the minimum the lateral stimulation on the sample. This is the main reason of the large success of the
TM-AFM for imaging biological samples: while working in contact mode and using very soft cantilevers, the
lateral stimulation induced by the scanning probe displaces the sample. In turn, this effect imposes to strongly fix
the samples to the surface limiting the number of observable biomacromolecules. The heterogeneity of the
molecules does not permit to use one fixed protocol to bind them onto the surface. Even more important, the
characteristic softness of the biological materials does allow one to predict the effects of the strong binding on
the structure and function of the different molecules. Working in tapping mode, the samples can be simply
deposited onto the surface, using the weakest possible immobilization, preserving their structure and function.
Further more the contact time of the tip with the sample is faster then the relaxation time of the most of
biomaterials preventing any deformation.
From the technical point of view, to operate an AFM in tapping mode it is necessary to generate inside the
imaging cell the oscillation of the cantilever. Acoustic and magnetic excitation modes have been developed to
excite the cantilever-tip ensemble. In the acoustic excitation mode a piezoelectric actuator is attached below the
substrate containing the cantilever-tip ensemble [16] ( Fig. 2.6b). The application of an oscillating voltage to the
actuator produces its vibration and this in turn produces the oscillation of the microcantilever. This excitation
mode is widely used in air and liquids, although in liquids it also excites the fluid. Other groups [17] have
directly excited the tip by applying an oscillating magnetic field to a magnetised cantilever ( Fig.2.6a).
The microscope used for this thesis work is a Nanoscope III (Veeco Instr.). This microscope uses an acoustically
driven tapping mode similar to that shown in figure 2.6b, but when operated in liquid all the fluid cell is
oscillated by a piezoelectric element which is inserted inside it. In figure 2.7 is shown a picture of the
microscope with the fluid cell and air cell.
a) b)
Fig. 2.6 : The two most diffused
methods to oscillate the cantilever in
AFM operated in tapping mode
In the same figure is schematically represented the way of working of the fluid cell with particular attention to
the way of introducing and changing the buffer during the imaging experiments. As it is possible to see the
buffer consists in a droplet (approximately 100 l) kept between the glass of the cell and the sample surface by
mean of its surface tension. The equilibrium is so good, that it is possible to remove one buffer and inject a new
one at the same time without ever drying the sample and with no spilling of liquid outside.
It is finally important to understand the dynamic of the oscillating tip when interacting with the sample in order
to gain some insight into the origin of the imaging and of the contrast in TM-AFM. This is not an easy task, in
fact the interaction forces playing a role in these systems [18, 19] usually have strong non linear behaviors, what
makes very difficult to find an analytical solution for the motion of the oscillating cantilever. To circumvent
these difficulties a very simplified model must be considered which will allow to avoid the solution of the
complete equation of motion of a three-dimensional object.
We consider here, as many authors have done [20], the cantilever-tip ensemble as a point-mass spring, then the
tip motion could be approximately described by a non-linear, second-order differential equation
where F0 and  are the amplitude and angular frequency of the driving force, respectively; Q,  0 and k are the
quality factor, angular resonance frequency and force constant of the free cantilever, respectively. Fts contains
Fig. 2.7 : The atomic force microscope used for our experiments. a)
full view of the Multimode head b) tip holder to work in air c) fluid
cell d) schematization of the fluid cell and of the way adopted to
change the buffer into the cell by sucking the liquid by one syringe
from one orifice while injecting through the other one by another
syringe.
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the tip–surface interaction forces. If Fts(z)=0, Eq. (2.6) is the equation of a forced harmonic oscillator with
damping whose solution is:
in this solution the first term is transient and, after a time 2Q/0 the motion is dominated by the steady solution
(the second term). The steady term is a sinusoidal function (harmonic) with a phase lag with respect to the
excitation force. The dependence of the amplitude A and of the phase shift  with the excitation frequency is:
where is the angle by which the driving force leads the displacement.
Different intermolecular, surface and macroscopic effects give rise to interactions with distinctive distance
dependencies. In the absence of external fields, the dominant forces are van der Waals interactions, short-range
repulsive interactions, adhesion and capillary forces.
If we assume that the tip is under the influence of a parabolic tip–surface interaction potential, then the total
force acting on the tip F includes the elastic response kz and the interaction force Fts. For small displacements
with respect to the equilibrium position, the total force can be expressed by:
and so the spring constant and the resonance frequency can be expressed as:
Eq. 2.7
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the last equation shows that the resonance frequency of a weakly perturbed harmonic oscillator depends on the
gradient of the interaction. A change in the effective resonance frequency implies a whole shift of the resonance
curve according to Eq. 2.10 where 0 is replaced by e. The dependence of the amplitude on the excitation and
effective resonance frequencies introduces a possible mechanism to explain the dependence of the oscillation
amplitude with the strength of the interaction force, or in other words, with the tip–surface separation.
Later in this work (chapter 3) we shall show how this effect can be exploited in order to get local chemical
physical information at the nanometer scale level.
2.1.7 Atomic force microscope imaging and biological objects
As it was said in the previous section tapping mode, has widened enormously the application range of the AFM,
especially in biophysics.
First attempts were done at the beginning by STM, but this technique needs conductive samples what is not the
case for biological objects. Anyway some important results were obtained in particular concerning biopolymers
[21].
From this point of view, the AFM introduced the first revolution, allowing one to work in liquid, the natural
conditions for all biomolecules. Living cells as well as their constituents were imaged with very good results.
The only remaining problem was how to avoid the lateral stimulation of the biomolecules on the surface when
imaging in contact mode. This problem was partly overcome by the use of the tapping mode AFM.
In the last decade many advances in living science were achieved by AFM in particular concerning the nucleic
acids, the imaging of proteins together with their dynamic and static properties.
For example, membrane proteins, are difficult to crystallize in a three dimensional crystal, but in presence of
appropriate lipids they can form two dimensional crystals. Those two dimensional crystals can be studied by
AFM, operated both in tapping and in contact mode, allowing the resolution of some structural details previously
impossible [22, 23].
The possibility of imaging proteins in an environment where they were still active stimulated the imagination of
the research groups in order to try to see in real time their activity. Several attempts were done, some of them
successful and some of them strongly criticized by the community [24, 25]. It is anyway important to remind that
a protein, in order to study its dynamics by AFM, has to satisfy some main criteria. A) It must have
conformational variation of the structure which is in the range of the microscope resolution (1 nm) and B) the
time scales of such changes must be of the order of some seconds, which is the limit for the scanning speeds of
the available microscopes. Presently, there are many attempts to improve the time resolution of the atomic force
microscopes, they are mainly dealing with very fast electronic feedbacks, new mechanical design and new
probes [26].
It will be shown in chapter three that other properties of the biomolecules surface can be studied by AFM at the
nanometer scale.
Concerning the nucleic acids the AFM allowed a very wide number of experiments about the protein-DNA
interactions, visualizing in a direct way the binding conditions and the exact binding sites along the chains. The
main advantage over the classical techniques, as electron microscope, was again the possibility to work in liquid
allowing one to follow the dynamics of some processes [27, 28]. In chapter 4, it will be shown in detail how such
a technique allows also obtaining static information but with a very high resolution demonstrating to be a
powerful technique to study, for example, the topological changes of DNA plasmids [29].
2.2 Other characterization techniques
In the present work, when working with nucleic acids, it has been very important to have the possibility to
characterize the samples by other techniques. These are very classical techniques, widely diffused in the
community of the DNA analysis, which enable us to obtain information about the ensemble of conformations
present in our samples. This technique is the well known gel electrophoreses. It exploits the possibility to
separate objects with different physical properties (size, weight, charge etc…), using their different diffusion in
an appropriate medium. Several kinds of gel electrophoresis exist with application in almost all domains of
biochemistry and molecular biology. Here we shall only deal with the gel electrophoresis for separating the
different conformations of the circularly closed DNA.
As it will be explained later, in chapter 4, plasmids can assume a wide range of different conformations, the so
called topoisomers, which differs from each others for their compactness.  When put in a gel matrix, under the
driving force of an electric field, they migrate with different speed and so, in a defined time period, over
different distances.
Two electrophoresis were done for the characterization of our samples, both were performed at the Institute of
Biochemistry of the P.J. Safarik University of Kosice (Slovak Republic), the first one is quite standard and is the
two-dimensional gel electrophresis. The second one has been only recently applied for the separation of the
topoisomers. It is the temperature gradient gel electrophoresis (TGGE) technique. Because of they are not the
main part of the results presented here, only a brief description will be given, referring for further details to the
literature.
2.2.1 Two dimensional gel electrophoresis
Plasmids are known to migrate in an agarose gel according to their degree of supercoiling. This happens because
DNA with the same length but the different number of superhelical turns has a more or less compact shape. The
more supercoiled is a plasmid the more compact is its structure and, as a consequence, the faster it will migrate
in a gel matrix. It means that if we put a sample containing different degrees of supercoiling in a gel, the slower
band will correspond to the open and more relaxed form, while the fastest will be the most supercoiled and more
compact. In figure 2.8 is shown a schematic representation of the described situation.  The problem, in this case,
as it is illustrated in figure 2.8 is that the more compact plasmids are less easy to separate from each other,
because their difference in mobility becomes smaller and smaller.
To overcome this problem it has been introduced the two dimensional electrophoresis, where in the second
direction of migration the plasmids are partially relaxed by mean of a chemical intercalating agent. The
relaxation induced by these compounds, which is at the basis of this technique, will be discussed in detail in
chapter 4. Also the most supercoiled plasmids will now be separated in the electrophoresis as one can see in
figure 2.8. In the same figure it is explained how, by counting the bands starting from a reference one it is
possible to assign to each of them the right degree of supercoiling [30-32].
Often the reagent used for relaxing plasmids in the second direction migration is the same that makes them
visible once illuminated by the appropriate light.
2.2.2 Temperature Gradient Gel Electrophoresis (TGGE)
Two dimensional gel electrophoresis offers a good description of the plasmids population but in a static way. It
means that it shows the composition of the sample, in terms of different topoisomers population, for determined
conditions of temperature and buffer. As a consequence, the population changes induced by the modifications of
these experimental conditions can be seen only by comparing the different electrophoretic patterns, obtained for
different experimental conditions. For example, concerning the thermal stability, an important parameter for all
biomolecules, performing the electrophoresis at different temperature will allow one to understand which
topoisomers are present at each temperature, but will not provide any information about the transitions taking
place.
The temperature gradient gel electrophoresis (TGGE) was developed exactly for this reason; combining the
electrohoretic separation of the different topoisomers with a continuous temperature gradient, it allows one to
follow their thermal behavior over a wide range of temperature. The agarose gel is equilibrated on a continuous
gradient of temperature over all its length. In this way the molecules will migrate according to the local physical
conditions and, what is most important, to their conformation at such a temperature.
In figure 2.9 is shown a typical TGGE performed with a mixture of differently supercoiled plasmids. At room
temperature the electrophoretic separation corresponds to that of a simple one dimensional gel (figure 2.8),
moving along the horizontal axis the same separation is observed but corresponding to the temperature of that
fraction of the gel.
Fig. 2.8 : Gel  electrophoresis of supercoiled DNA. On the
left, in one dimension one cannot separate the most
supercoiled plasmids. In the central panel, it is shown how in
two dimensions, all bands are well resolved. On the right,
analyzing the pattern of the bands all the population can be
characterized.
.Over all the temperature range one can follow how the mobility of each topoisomer changes as a function of the
temperature. For example, in figure 2.9, focusing on the band indicated by the arrow,  it is possible to see how
the mobility of the band initially increases linearly with the temperature, as it is normal for an object keeping
physical and geometrical properties like shape and size, and then it decreases (deceleration of the band)
indicating an increase of the size. The interpretation is that at the beginning the molecule is in a compact form
and at a temperature corresponding to the mobility change it goes in a less compact conformation reaching, at the
point indicated by the star, the same mobility of slowest band (it will be shown later that it corresponds to the
relaxed form of plasmids). The application to supercoiled plasmids, shown here, has been developed recently by
Viglasky and coworkers [31] and it shows that the faster is the band the lower is the temperature of the
transition.
40 ˚C 75˚Ctemperature
Open
Fig. 2.9 : Temperature gradient gel
electrophoresis of a sample of supercoiled
plasmids. Each band represents a topoisomers
with a different superhelicity.
3. GroEL
3.1 Molecular Chaperones
For decades, following the studies of Anfinsen and coworkers [33, 34] about the folding of the denatured
Ribonuclease, it was believed that protein folding was directly dictated by the primary sequence of the
polypeptide chain, according to the different interactions between amino acids. As a corollary, it was also
supposed that each amino acid sequence would lead to a unique 3D structure.
Within this frame, the 3D structural information was supposed to be completely contained in the amino acid
sequence and consequently in the DNA coding for such a sequence.
The amino acids of a newly synthesized polypeptide chain immediately interact with the neighbors, forming the
so called secondary structures (-helices, -sheets), then, once the full chain has been produced and released in
the cytoplasm, it would fold in the energetically more favorable conformation (tertiary structure).
Then, the question about the time needed by the a.a. chain to explore the configurational space in order to fold in
the correct structure arose in the scientific community, starting from the Levinthal paradox of a random search
for the best thermodynamic state, which leads to time scales longer than the age of the universe [35], to the more
recently accepted existence of a restricted number of sequential or competing pathways according to the amino
acid composition.
More than a decade after the works of Anfinsen, Goloubinoff and coworkers [36, 37] discovered that a particular
protein, the Ribulose Bisphosphate Carboxylase, was refolded from a denatured state to its active dimeric form
just in the presence of two other proteins named, from their respective molecular weight, heat shock protein 60
and 10.
Nowadays, 15 years after that discovery, it is widely accepted that, in living organisms, the protein folding of
large proteins is generally assisted by a wide class of proteins: the molecular chaperones [38].
Initially, molecular chaperones were defined as the class of proteins which mediates the correct folding both of
newly synthesized polypeptides and of unfolded or misfolded ones. More recently, molecular chaperones have
been defined as the class of proteins which binds and stabilizes otherwise unstable folding intermediate of other
proteins, and, by successive cycles of controlled binding and release, helps them to reach their native
conformation; in the absence of such molecular machines, proteins can undergo aggregation, which is known to
be toxic for the cell.
Molecular chaperones are present in all living organisms; due to their strong heat inducibility, they were called,
since the beginning, “heat shock proteins” (hsp) and so far the different members of this family are indicated
with the name “hsp” followed by their molecular weight.
The hsp70, for example, are a conserved class of proteins in bacteria (DnaK), eukaryotic cytosol (Hsc70),
mitochondria, and in the lumen of the endoplasmic reticulum (BiP), which function as monomers and associate
with extended hydrophobic segments of polypeptide chains in an ATP-dependent manner [38]. A second group
of chaperones is the Hsp100 chaperone/proteases family. Members of this family include bacterial ClpB, ClpA,
HslU, and ClpX [39]. Apart from ClpB, this family binds both ends of double-ring proteases such as ClpP or
HslV and directs ATP-dependent deoligomerization and degradation of substrate proteins. Recent studies
showed that it exists also a disaggregation activity of ClpB [40].
Another class, which is the one studied in the present work, is composed by the chaperonins or hsp60.
Chaperonins are ubiquitous oligomeric protein complexes essential for cell viability. They are barrel-shaped
objects constituted by identical or different polypeptide subunits depending upon the organism to which they
belong. This particular shape is achieved by the combination of two rings of subunits, each surrounding a central
cavity, stacked back to back [41].
Two different families of chaperonins exist, with different amino acid sequences but similar in structure. The
first family includes the 60 KDa heat-shock proteins of the bacteria and mitochondria (hsp 60), and the
chloroplast chaperonins which are not heat-shock proteins. The second family, called CCT-TriC family, includes
the chaperonins of the archea (TF55) and eukaryotes (CCT). They also form toroidal multimeric complexes [42],
which however contain several different subunits.
GroEL is the chaperonin of E.coli and, as it is often the case for the proteins belonging to this organism, it is the
most widely studied and the best known hsp60.
It is an homotetradecamer constituted by 14 identical subunits arranged in two seven-units rings stacked one on
the top of the other to form a barrel-shaped complex with two cavities [41].  GroEL binds unfolded or misfolded
proteins within its cavity preventing them from aggregating. Then, following an ATP driven cycle, it allows
them to reach their native and active 3D structure. During this cycle GroEL is assisted by another heat shock
protein: the hsp10 GroES. Two main schools, opposed and complementary at the same time, exist to explain the
way in which GroEL achieves its fundamental task: the first one support the idea that GroEL is just sequestering
the substrate within the cavity to avoid aggregation and to offer a more suitable environment for the refolding
and is known as the “Anfinsen cage model”; the other one supports the idea that GroEL has a real unfoldase
activity, in the sense that it is able to unfold the misfolded substrates by pulling them out from some trapped
kinetic intermediates and by allowing them to reach the final correct state. This second model is known with the
name of  “Iterative annealing model” [43]. In Fig. 3.1 the two models are compared side by side. The
GroEL/GroES ATP cycle and its conformational change are identical for the two models. The main difference is
that in the “iterative annealing model” GroEL actively unfolds the substrate within its cavity (step 2), while in
the “Anfinsen cage model” the GroEL cavity only offers an environment favorable for substrate folding.
In both cases the refolding activity of GroEL starts with the binding of the substrate protein. GroEL, in fact, is
not supposed to interact just with some specific protein, but with all proteins which are in an unfolded or
misfolded state. This requirement needs a general way of recognition and interaction with other proteins based
on this state (unfolded) rather than on some specific sequence/structure motif. GroEL achieves it by mean of the
hydrophobic interaction.
Each subunit forming the complex is folded into three domains [41]: the equatorial domain, the intermediate
domain and the apical domain. The equatorial domain, consisting of residues 6-133 together with 409-523, is
highly -helical and well ordered. It provides most of the contacts between subunits in one ring and all contacts
between the rings. The small intermediate domain contains residues 134-190 together with 377-408.
The apical domain, containing residues 191-376, has been suggested to be responsible for the interaction with
partially folded polypeptides. It contains many hydrophobic residues, and the apical domain was the least well
resolved. The poor resolution of the apical domain is mainly due to its high mobility, it is in fact the part of the
subunits which undergoes large conformational changes during the cycle. The hydrophobic residues are exposed
on the rim of the central cavity in order to trap the substrate protein exactly in the chamber where it should then
take place the refolding; see figure 3.2 for an illustration of the structure described here.
The activity of GroEL can be schematically described as it follows. The unfolded or misfolded protein, which
exposes a larger amount of hydrophobic surface (usually buried inside in the native structure), is bound within
the central cavity by the hydrophobic residues of the apical domain. The substrate-bound ring then binds 7 ATP
molecules which are hydrolyzed, inducing a large conformational change that consists in a rotation of the apical
domain which hides the previously exposed hydrophobic surface. This large movement provokes, as main effect,
the release of the protein within the central cavity, that now is capped by the co chaperone GroES, and where it
finds a favorable environment (the cavity with the hydrophilic walls) to refold. After some seconds GroES is
released and the protein can go in the free solution. In the case that the protein is not yet folded, its release in free
solution is less probable since the cavity’s surface after the full cycle is again hydrophobic and another cycle can
take place. The description given so far, tends to represent the chaperonin as a real Anfinsen cage where the
protein is prevented from aggregation and can refold in a more efficient way. Assuming the same cycle for
GroEL/GroES complex, one can postulate another scheme for its folding activity. The large ATP induced
Fig. 3.1 The two alternative and antagonist models for the GroEL assisted protein  folding.
In all the drawings GroEL is represented as two stacked rings either in the coformation
hydrophobic (green) or hydrophilic (blue). In the upper panel is illustrated the “Anfinsen
cage” model, where the chaperonin is just offering to the protein a more suitable
environment for the refolding.In the lower panel, in the “iterative annealing” model,
GroEL repeatedly unfolds in an active way the substrate protein.
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Fig. 3.2 One GroEL subunit and the
three domains composing it.
movement  of the apical domains is actively unfolding the protein, allowing it to escape from a kinetically
trapped misfolded conformation. In this case, the protein is as well allowed to refold inside the cavity but via
several cycles of binding-unfolding-refolding; GroEL is acting mainly as a power stroke which helps the protein
to find its right native conformation, pulling it iteratively out from the misfolded states [44].
In any case, it is now generally accepted that the signal to release GroES, allowing to the protein to exit from the
cavity, is coming from the other ring. This follows from the strong cooperativity that GroEL has in the
hydrolysis of the ATP. Using an enzymatic description, we say that, for the ATPase activity, there are two
different levels of cooperativity: an inter-ring positive cooperativity and an intra-rings negative cooperativity.
This behavior was named: nested cooperativity in the ATPase activity [45, 46]. The first level of cooperativity,
which consists in an equilibrium between a T and an R state in accordance with the Monod-Wyman-Changeux
model of cooperativity[47], is responsible for the almost simultaneous hydrolysis of the bound ATP within one
ring. The seven subunits hydrolyze the seven ATP and change conformation in a strongly concerted way. The
reason for this highly cooperative behavior is related to the interface between subunits. It is energetically
unfavorable for one subunit to undergo the conformational change while the others remain in the previous
conformation. The negative cooperativity between the two rings, which is supported by several structural studies
[48, 49], is the trigger for the activity cycle of GroEL; it means that when one ring is in the open conformation
(with high affinity for GroES and hydrophilic cavity’s surface) the other must be in the closed conformation
(with high affinity for the unfolded proteins and for ATP and a hydrophobic cavity).
As described previously, a key point of this cycle is the ability of GroEL to switch in a concerted way the surface
exposed in the cavity from hydrophobic to hydrophilic. This property is supported by the crystallographic data,
which show how the hydrophobic residues of the apical domain are replaced by hydrophilic ones upon the
conformational change [41]. The role of the hydrophobic-hydrophilic switching surface in the cyclic binding and
release of the substrate protein, is supported by biochemical experiments involving both the selective mutation of
the amino acids present in this region [50] and the use of fluorescent  probes which binds to extended
hydrophobic surfaces or which are highly sensitive to the local environment [51-53].  One important feature
discovered is that the exposition of the hydrophobic surface is increased by the presence of divalent cations or
destabilizing factors [54, 55]. All these studies confirmed that the hydrophobic surface has also a very important
role for the stability of the complex.
GroEL’s stability, in fact, has been widely studied, first of all, because it is a critical property for a heat shock
protein which is supposed to work under conditions that can be denaturating for other proteins, then, because it
represents a way to understand the process of assembly of the oligomer. All the studies in this field have shown
that the stability of the 14mer is highly perturbed by the action of the different molecules which are necessary for
its activity.
Experiments of Urea and GdHCl denaturation followed by sedimentation analysis [56-58] and solution small
angle scattering (SAXS and SANS) [59-61], revealed that Mg ions substrate proteins are stabilizing the complex
while ATP and ADP in presence of Mg strongly destabilize the complex reducing the amount of denaturant
necessary to disassembly the oligomer. Similar results were obtained concerning the thermal stability of the
complex [62]. Recently, the refinement of the X-ray crystallography data and new cryo-electron microscopy
measurements made on the ATP bound state of GroEL [63, 64] have provided some hypothesis for the reason of
this destabilization.
Fig. 3.2 The GroEL complex. a) On the left both rings are in the conformation
without ATP which has a high affinity for the unfolded polypeptides; while on the
right the complex has the upper ring which has undergone the ATP-induced
conformational change with GroES bound. In b) it is shown the detailed structure of
one subunit composing the oligomer
a)
b)
In the last years, with the large development the single molecule techniques, an increasing interest has been
devolved for studying GroEL at the single protein level. The relatively long time scale of its activity cycle, in
fact, makes it an extremely suitable sample for this kind of experiments. The first, pioneer work with this
approach has been done in 1999 by the Yanagida’s group [65]; they succeeded, by fluorescently marking both
GroEL and some substrate proteins, to detect the single binding event. Their main achievement has been to
demonstrate that the observations of the interaction events at the single molecule level were agreeing strongly
with the usual bulk measurements, and so, they open the way for future works with these methods. More
recently, two other groups measured, at the single molecule level, the distribution of the binding times between
GroEL and the cochaperone GroES [66, 67], giving a deeper insight in the GroEL/GroES cycle. Furthermore,
interaction forces at the single molecule level between GroEL and some unfolded proteins, were measured by
Vinckjer and co-workers [68] using the atomic force microscope.
3.2 Sample preparation
3.2.1 Putting proteins on a surface
After the brief description of the mechanism of action of GroEL, it is evident that not only it represents a very
important system for the viability of the organism to which it belongs, but, moreover, it is a quite complicate
molecular machine, with an impressive relationship between the structural changes to which it undergoes and its
function.
On one hand a similar object, can be much better understood by looking at it at a single molecule level. On the
other hand, because of its complicate way of function based on different levels of communication between the
different part of the complex, it can be very easily affected in his activity by any limitation of its conformational
space which follows any kind of imaging protocol.
High resolution imaging techniques like X-ray crystallography or cryo-electron microscopy are able to achieve
very high resolutions of the structural details, but, in both cases, the protein is not able to change conformation,
i.e. to explore its conformational space, because of the preparation protocol which leads to a high and very
ordered three-dimensional packing in the first case, and of the frozen sample in the second case.
Scanning probe microscopy and in particular atomic force microscope, on the other hand, allows performing
experiments of both imaging and interaction forces measurements, with the sample adsorbed at a surface and
immersed in the appropriate buffer which can be tuned, by adding or removing specific molecules, in order to
induce some activity in the biomolecule under study. Anyway, saying that a protein constrained onto a surface
maintains exactly the same activity that it has in the bulk solution, is an assertion which must be accurately
verified for each experiment.
All the measurements performed with the sample in the bulk solution are able to provide just results which are
averaged among a huge number of single molecules present in solution, but under conditions which are much
closer to the native cellular ones.
A critical step toward observing a macromolecule at work onto a surface, as it is the case of an AFM experiment,
is the procedure used to deposit it onto the substrate surface. A very strong binding could in fact somehow limit
the movements of the protein, leading to its inactivation; with a too weak binding, the proteins could be
impossible to be imaged even in the most gentle possible scanning conditions, because the probe would move
them all around the surface.
 A good compromise is to bind the proteins in a very weak way to the surface, but in order to reach good
imaging conditions they are packed laterally on the surface; in such a situation, if the conformational changes,
which the protein is supposed to undergo, are not constrained by the lateral packing, it will maintain the activity
and, at the same time, it will not be displaced by the scanning tip because it is part of an extended two-
dimensional layer. This “ideal situation” can be reached in several way, one of them is to perform a real
crystallization of the system, in a two dimensional crystal, by means of reagents such as lipids. Samples imaged
after this kind of preparation can provide images of a very high resolution because the proteins are really
strongly laterally constrained. It will be anyway possible to observe only conformational changes taking place
along the vertical direction.
Another way to reach the described imaging conditions is just to play with the protein concentration and with the
ionic strength of the buffer solution, to reach a natural weak packing of the protein onto the surface. In fact, a
higher ionic strength screens the protein-protein interactions and allows the proteins to stack side by side and to
adsorbe to the surface. The excess of proteins not well bound can then be removed by a buffer with a weaker salt
concentration.
This seems to be the best sample preparation protocol for studying by AFM the activity of a chaperonin like
GroEL. A strong binding of the protein to the surface by the lower ring could, in fact, inactivate also the upper
ring (which is the one we are observing by AFM) as a consequence of the strong cross cooperativity between the
two rings; a strong lateral packing, on the other hand, could limit the large movements performed by the apical
domain during the GroEL conformational change. The control of the activity of the protein must be performed
once it is in the imaging conditions. In the present work both weak binding and weak packing conditions were
choosen to study the GroEL activity induced by the binding and hydrolysis of ATP.
The stock concentration of chaperonin is coming by direct purification according to the protocol described in the
next paragraph. GroEL in relatively high concentration (as an oligomer, in strong dilution conditions it can
Fig. 3.3 Schematic drawing of the GroEL complex as it results after
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dissociate in monomers) was deposited onto the surface by simple physisorpion in a buffer with relatively high
ionic strength, but still in the range of its working conditions.
The deposition buffer used consists in: 50 mM Tris pH 7.6, 150 mM KCl, 10 mM MgCl2. The surface choosen
for the adsorption of GroEL is mica. This material, in fact, besides the normal advantage of being atomically flat
over long distances and easy to prepare by cleaving, is strongly hydrophilic, a property which in our case is very
good because on hydrophobic surfaces no deposition was successfull. GroEL on mica spreads in a very ordered
way, forming quasi-ordered two-dimensional monolayers as it will be shown in the next sections. A long range
ordered packing it is in fact not possible to be achieved by GroEL because of its sevenfold symmetry.
 After the deposition, which has always taken place at room temperature, the sample was rinsed intensely to
remove the loosely bound proteins with the buffer used also for the imaging:  50 mM Tris pH 7.6, 50 mM KCl,
10 mM MgCl2. The procedure described so far allowed us to have, as already mentioned before, a good
monolayer and a good and reproducible quality of images.
3.2.2 GroEL purification
GroEL was purified  from French press lysates of cells harboring the plasmid pOF39 [69] as described
previously [70, 71]. The main steps in this procedure were DEAE-Sephacel chromatography followed by gel
filtration on a Sephacryl S-300 column and Q-Sepharose chromatography. All column material was purchased
from Pharmacia Biotech.
All the steps of the GroEL purification were performed in the laboratory of prof. Plückthun in the University of
Zurich.
3.3 Experimental results
3.3.1 Imaging the native GroEL
Following the main ideas illustrated in the previous section, GroEL was put onto the surface by simple
physisorption. On mica surface, GroEL tends to adsorb upright exposing the central cavity in the direction of the
scanning probe. This effect is of central importance for our study, because all conformational changes of a
chaperonin can be studied looking at the cavity of the complex. If GroEL would lay on its side, it would not be
possible to observe sub-nanometer conformational changes. In fact, AFM has a large vertical sensitivity, while
laterally, because of the tip-sample convolution [72], its resolution is poorer.
This is not the case for Electron microscopy which obtains information also from the proteins laying on one side.
In section 3.3.4 we shall go more deeply in the tip convolution effect.
As explained when discussing the general ideas of adsorbing and imaging proteins onto a surface, the more one
succeeds in packing them, the more stable the image will be.
In Figure 3.4 are shown isolated GroEL molecules on the mica surface. In the left image the proteins are pushed
around by the scanning tip, making it possible only to recognize some traces of the displaced object. It is in fact
impossible to know how many of the proteins are really present on the surface and how many we just move
around. In some cases, like in the image on the right of figure 3.4, it is possible to obtain a sufficient resolution
to see the toroidal structure with the central cavity. In this case, besides the slight displacement of the proteins on
the surface, the image is also affected by the fact that the single complex is probed by a larger part of the tip (tip-
sample convolution effect) making it possible that any irregularity or protrusion on the tip causes a distortion of
the real image.
Such tip-sample convolution effect is highly reduced, or even completely excluded, in the case of a higher
proteins packing, because, in this case, the AFM tip is not able to penetrate between the adjacent complexes. So,
only the upper surface of the toroid is probed just with the very end of the tip which has usually a size of few
nanometers and is so less affected by irregularities.
In figure 3.5 the GroEL complexes are packed and, even if not in an extremely dense way (it is possible to see
the separation between adjacent complexes), the resolution definitely increases, making it possible see the single
toroid with the central cavity in a very reproducible way and without distortions. The lateral size measured by
such an image is in perfect agreement with the crystallographic data as well as the cavity size (figure 3.2).
Fig. 3.4 Images of the isolated chaperonins on the surface. On the
left the complex are displaced by the scanning tip resulting in
stripes on the surface; on the right the isolated chaperonins
images are strongly affected by the tip convolution.
  
The concentration is a crucial parameter in order to fine tune the image. In fact, in case of low GroEL
concentration, the conditions of good packing induce the formation of local aggregates, as one can see in figure
3.6.
In the best possible conditions (2 M oligomer), a really good packing, allows the proteins layer to be imaged
without any damages induced by the tip, although the seven-fold symmetry of GroEL does not allow a full
coverage of the surface. Even in the conditions of highest possible packing, after a short range uniform covering,
defects like fractures appear. On short distances (figure 3.7), in fact, GroEL is able to arrange in an imperfect
hexagonal configuration [73], which over longer distances is not possible to keep and produces large defects as
shown in figure 3.8. These fractures will have an influence on the stability of the GroEL complexes as will be
shown later.
Fig. 3.5 Images of a monolayer of GroEL molecules on
mica surface. In the left panel a low magnification
images show the packing level of the sample. In the right
panel the characteristic ring structure can be seen in
good detail.
 Fig. 3.6 Aggregates of GroEL on the surface as a
consequence of a deposition protocol with too low GroEL
concentration (0.04 M)
What is evident, from the results shown so far, is that the atomic force microscope is able to provide reliable
images of GroEL in conditions as close as possible to those of an in vitro biochemical experiment. The protein
can be well imaged and a molecular resolution can be achieved by simply tuning the arrangement of the
biomolecules on the surface. Proteins are quite soft objects and especially when scanned under native conditions,
they are strongly fluctuating; this prevents us from obtaining images at very high resolution. For the case of
GroEL, we are able to see the toroidal supramolecular structure, but not the 7 subunits composing the ring.
Fig. 3.7 Local arrangement of the GroEL molecules onto the surface.
In the left image (up on the left) seven chaperonins are arranged in a
hexagonal way indicating that this could be the basic unit cell during
the monolayer formation. On the right the local hexagonal disposition
is shown to be conserved over short distances.
 Fig. 3.8 Images of the fractures present in the monolayer of GroEL
adsorbed onto mica.. In the left panel (2 m x 2m) several fractures are
present as a consequence of the sevenfold symmetry of GroEL. In the
right panel it is possible to see a more detailed image of one of these
defects.
3.3.2 Imaging the chemically fixed GroEL
To increase the resolution and to achieve sub nanometer structural details one possibility is to proceed to the
chemical cross-link of the protein. Chemical cross-link has been widely used in all domains of biochemistry to
obtain structural information under different points of view. Proteins and nucleic acids have been cross-linked
together to demonstrate an interaction that, otherwise, would have been too weak to be seen with normal
characterization techniques. Weakly assembled multimeric structures have been fixed chemically in order to
stabilize them and to perform some structural studies [74-76]. In all these cases a substantial improvement of the
structural details was achieved, but at the same time it is very hard to obtain biologically relevant conclusions
because the chemically fixed object are no more active and non-specific bonds could be induced. GroEL for
example, when fixed with glutaraldehyde, is immediately inactivated in its ATPase activity.
These remarks do not reduce the usefulness of this technique, for example, for GroEL, Azem and coworkers [77]
performed a detailed analysis of the different levels of organization and interaction within the double ring and in
presence of the cochaperone GroES by differentially cross-linking GroEL and the GroEL/ES system.
Aiming to improve the lateral resolution of the AFM images of GroEL, we performed chemical cross-linking of
the chaperonins once adsorbed onto the substrate surface. This approach was already tried, with similar results,
by the Shao’s group [78], but they were working with the atomic force microscope operated in contact mode.
The glutaraldehyde is a chemical compound composed by a short carbon chain with two highly reactive
aldehyde groups at both ends. As illustrated in figure 3.9, these two groups react immediately, forming covalent
bonds with a big number of amino groups present and exposed in a protein. Such a reaction renders the single
protein rigid and very hard and, in the particular case of GroEL, it covalently links together the subunits
composing the double ring. For the AFM imaging, this means that we are now scanning a solid object which
cannot be damaged by the scanning probe and which has almost no structural flexibility and fluctuations.
The quality of the images, as it will be shown in the next figures improves sensibly as far as the proteins
monolayer has been cross-linked. It is important to underline that, when the cross-linker is introduced directly in
the fluid cell of the microscope, where is already present a two-dimensional arrangement of the chaperonins, a
Fig. 3.9 Chemical representation of the
glutaraldehyde molecule and how it reacts with
the amino groups present in proteins.
large amount of imino bonds form among adjacent chaperonins. This introduces a further stabilization effect on
the proteins, because, besides the normal intra-protein stabilization, it provides a long range fixation of the
sample.
Among the others, a very important parameter to be controlled during the glutaraldehyde cross-link reaction is
the kind of buffer used. In fact, as it is clear from the previous description of glutaraldehyde reaction, it is very
important to avoid any buffers containing amino groups. Reactivity of the buffer with the cross-linker not only
reduces the effective concentration of the cross-linker in the reaction, but also changes the properties of the
buffer [77]. For our experiment we found equivalent to have proteins in another buffer, like Hepes, or, when the
deposition was performed in Tris, to wash the fluid cell with a different buffer (Hepes) before performing the
cross-link step. The last way allows removing, when present, all the amino-buffer from the solution and to
perform a stable and well calibrated cross-linking reaction.
In figure 3.10 is shown an image of the  GroEL monolayer done in normal conditions before the chemical
fixation; in the right panel the same sample has undergone first, a change of buffer to Hepes based buffer (50
mM Hepes pH 7.6, 50 mM KCl, 10 mM MgCl2), then the introduction of the  glutaraldehyde containing buffer
(50 mM Hepes pH 7.6, 50 mM KCl, 10 mM MgCl2, 0.22% w/v glutaraldehyde).  Finally this buffer was
replaced by one without GA (50 mM Hepes pH 7.6, 50 mM KCl, 10 mM MgCl2). This last step could be
followed by a further replacement of the Hepes based buffer with again a Tris based buffer in order, now, to
really inactivate the remaining few glutaraldehyde molecules present in the fluid cell. This final inactivation has
mainly the role to stop any possible interaction between the amino groups present on a silicon nitride AFM tip
and some glutaraldehyde molecules which are only partly bound to the proteins; in fact, if it happens, we have a
strong loss of image quality due to the sticking of the tip onto the sample.
As it is possible to see in figure 3.10, in the cross-linked sample, the proteins are imaged with a much higher
resolution; already at low magnification it is much easier to identify each single GroEL with its toroidal
supramolecolar structure.
Increasing the magnification, it becomes evident how the resolution is increased especially at the level of the
single chaperonin. In figure 3.11 are shown images of the cross-linked GroEL complexes where it is possible to
observe the sevenfold symmetry of the ring. What in the unfixed molecule (figure 3.5) was a ring with circular
Fig. 3.10  A 1 m image of the GroEL monolayer, before
(left) and after (right) cross-link with glutaraldehyde
shape (some times elliptical because of some drift of the microscope), now is a more complex structure where
the seven subunits forming the upper ring of the complex can be easily identified.
The stability of the molecules, which will be studied more deeply in the following sections, increases strongly.
The proteins monolayer is unmodified after many scans and this effect has been observed independently from
the fixation time. The lower fixation time was 5 minutes at room temperature (about 25°C) for which the bulk
cross-link reaction should achieve almost no fixation [77]. This difference in fixation time probably arises from
the fact that GroEL is packed in a 2 D layer. We have already observed by AFM a much higher stability of
GroEL under these conditions. Therefore, in order to stabilize further the GroEL layer it is sufficient to cross-
link the upper residues both inside one ring and between adjacent GroEL.
Times shorter than 5 minutes are still possible, working with the AFM fluid cell, but performing all the
operations of changing the different buffers too fast it can destabilize the protein sample. The remaining
glutaraldehyde, as mentioned before, was inactivated by adding an amino-buffer like Tris, but sometimes, to
have a stronger and faster inactivation, a buffer containing both Tris and Glycine (50 mM Hepes pH 7.6, 50 mM
KCl, 10 mM MgCl2, 50 mM Glycine) was added. Amino acids like glycine and lysine are strongly reacting with
glutaraldehyde and so they easily saturate the reactive groups still present in solution.
It is important to underline again that the improvement in stability and in the quality of images, which can allow
resolving more and new structural details, has, as a consequence, the inactivation of the chaperonin activity, in
particular the ATPase.
3.3.3 Structural stability of GroEL
The atomic force microscope operated in tapping mode has demonstrated to be a powerful tool for studying
biological material, especially when concerning soft biomolecules as proteins. The main advantage is the
Fig. 3.11 Improvement in the resolution following the
glutaraldehyde fixation. In the zoom represented on
the right it is evident how, under these conditions, the
seven subunits composing one ring can be identified.
possibility to scan the samples in a very gentle way avoiding any damage to it. Often this is not the case. For
example, if the scanning conditions are optimal for a protein (which is kept together by hydrophobic, hydrogen
and disulphide bonds interaction), it does not mean that the same instrument’s configuration is able to scan a
supramolecular assembly, where the inter-subunits interactions are weaker. In the case of GroEL, the complex is
sufficiently stable and, as shown before, it can be scanned without chemical cross-link. However, even under
good imaging conditions, the proteins are affected by the repeated passage of the scanning tip.
The phenomenon observed in our case is something like a progressive degradation of the quality of the
monolayer, which affects, as a consequence, the stability of the complexes.
 The place where GroEL maximally feels the load of the tip is the interface between the two rings; the damages
induced by the tip always consist in the dissection of the upper ring from the lower one, leaving at the end, in the
scanned region, just a monolayer of lower rings. In figure 3.12 it can be seen how looks like a 1 m x 1 m
portion of the sample after it has been scanned multiple times. The height difference between the central square,
scanned several times, and the rest of the image, scanned only once, corresponds exactly to 7 nm which is the
height of one GroEL ring.
The histogram of heights, in the same figure, shows two peaks corresponding to the single ring and double ring
GroEL, the area below them is proportional to the portion of the surface respectively occupied by the two
populations. The difference between the maxima of the two peaks is again 7 nm.
The tip effect over the GroEL monolayer starts from the fractures that, as we explained in section 3.2.1, are
present when objects with sevenfold symmetry are packed together. This effect can be explained by the small,
but anyway present, lateral stimulation exerted by the tip on the proteins. In fact, where the tip is just vertically
stimulating the complex (regions without fractures) the monolayer is much less affected, while, in the places
where the tip can penetrate more within the GroEL layer (fractures or defects), the lateral stimulation leads to the
removal of the upper ring from the complexes facing the fracture.
In the figure 3.13 is reported a set of sequential images beginning with the intact monolayer, proceeding through
the dissection of the upper ring around the defects of the 2D arrangement and finishing with a film of only lower
rings.
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Fig. 3.12 Effect of the tip on the region previously scanned. The central
groove (1 m) is a consequence of the dissection of the upper rings from the
GroEL complexes (scale bar 100 nm). On the right-upper panel is shown the
section analysis corresponding to the white line in the left image, while on
the right bottom panel the histogram of the heights of the whole image on the
left is shown. In both cases it is evident the presence of two population of
oligomers: the full intact double ring and the remaining lower ring.
The newly generated monolayer of single ring GroEL is now much more stable then the previous one, indicating
that the instability point in the complex is the interface between the two rings. Looking at the pattern of fractures
in the single ring layer (figure 3.14 right), it is easy to see how they absolutely reproduce the one which was
present when the sample was composed by intact double rings. This can be seen as an “a posteriori” proof that
what we are scanning is not a multi-layer of single rings but full native GroEL molecules, otherwise there would
Fig. 3.13 Sequence of images illustrating the progressive
degradation of the monolayer quality and how it starts from the
fractures present in the 2-dimensional arrangement. On the right a
schematic drawing describing in which way is operated the
dissection by the scanning tip.
not be any reason to have the same pattern in the upper and in the lower layer (we are not working with epitaxial
growing sample).
We exploited this scanning induced effect to control, in a static way, the activity of the GroEL adsorbed. Once
the monolayer has been scanned, it is possible to measure the difference in height between the scanned region,
where the upper GroEL part is missing, and the rest of the surface. This gives a quantitative determination of the
height of the removed part. Under normal condition this difference is 7 nm; upon the addition of 140 nM GroES,
for example, no changes can be detected neither immediately after addition nor after some minutes, revealing no
interaction between the nucleotide free GroEL and GroES. Once a small concentration of ADP is added to the
buffer in the fluid cell, the height difference increases to 10 nm, which is the height of one GroEL ring bound to
one GroES (~7nm+3nm=10nm). All the steps of this experiment are illustrated in figure 3.15 and they confirm
that the GroEL molecule present into the microscope cell is an active complex even upon adsorption onto the
surface. It is interesting to underline that, also in the asymmetric complex GroEL+GroES, the weaker point is the
interface between the two GroEL rings.
This experiment also proves that the remaining ring faces its cavity opening towards the substrate surface
because it cannot bind GroES. If this were not the case, the height difference between the two regions would
remains 7 nm when GroES is bound to the GroEL layer.
From our experiments, the upper ring seems to be removed as a full unit. We want now to test if the GroEL layer
will recover after dissection. To this end, we scanned sequentially 4 different regions, one after the other. Each
region was scanned sufficiently to completely dissect GroEL as it is the case in Figure 3.15 (scanning time
20min, scanning force ~100 pN). After this procedure, we quickly rescanned each region and the results are
Fig. 3.14 Image of the GroEL monolayer at the first scan and
after several passages (right), when the upper ring has been
completely removed within the area. It is important to notice how
the same pattern of fractures is present both in the intact
monolayer and in the one composed just by the lower rings (scale
bar 100 nm).
depicted in Figure 3.16. One can easily notice that the region which was scanned first has partially recovered
after 2 minutes, while the others have recovered less and less.
Histograms of all regions are also reported, showing how, from a net presence of two peaks separated of 7 nm in
the last square (region 3) they pass to a single peak histogram in the first scanned region (number 1) which is
comparable with the not scanned region (region 0).
It has been difficult, so far, to distinguish whether the same removed rings are coming back in the same area or
the rings removed from a nearby region can bind to a previously generated single ring groove. In both scenarios
it is striking how the affinity between the two separated rings allows the full complex to reform in absence of a
large excess of single rings in the solution.
Fig. 3.15 Grooves generated by the tip in the sample composed by: only GroEL
(left-up), GroEL+GroES (left-middle), GroEL+GroES+ADP (left down); the
relative histograms on the right show the change in the height difference when
GroEL is bound to GroES
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An important evidence that we got from all this kind of experiments, is that the GroEL complex is highly
destabilized by some of the most important cofactors with which it interacts during its activity. In fact, to study
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Fig. 3.16 Sequential grooves generated by the tip. The latest one (3) is well described in the
relative histogram by two peaks corresponding to the two populations (double and single ring)
while the precedent one (2) and the first (1) are partially re-filled by the upper rings.
the conformational changes of this chaperonin, images were done in presence of all its main ligands. In
particular, when ATP is added to the solution, the complex appears to be immediately strongly destabilized. The
effect of different nucleotides was then studied in order to try to understand the origin of such a behavior. The
main results can be summarized as reported in figure 3.17; the main conclusion is that the destabilization is
induced by the hydrolysis of ATP and not by its simple binding. To test it we performed experiments in presence
of some non hydrolysable analogues of ATP like ATPS and AMP-PNP. In both these cases the GroEL
monolayer was not immediately destroyed by the scanning tip and at least for the first hour of scanning it had the
same stability properties of the nucleotide-free chaperonin. Some destabilization occurred later during the
experiment due probably to the small amount of ATP present in the commercially available analogues and to the
slow hydrolysis which can take place in the case of ATPS. A similar behavior was observed when ATP was
added to the sample but in absence of magnesium in the buffer. It turns out that the effect is mainly due to the
conformational change induced by the hydrolysis of ATP and this is in agreement with previous stability study
performed by in vitro dissociation of the chaperonin complex [56]. Recent structural studies about GroEL
suggested some explanation for the behavior that we observed [64], showing, by cryo-electron microscopy of
vitrified GroEL, how the spacing between the two rings strongly increases when ATP is present in the structure.
Previously, by mean of targeted molecular dynamics simulation [79], it was shown how the ATP induced
conformational change leads to the breaking of the inter-subunits salt bridge between Arg197 and Glu386 in
agreement with the 	value analysis [80].
Interestingly the ADP does not induce, in our experiments, a GroEL destabilization as strong as the ATP.
All the effects described above are depicted in figure 3.17 where the monolayer appears immediately unstable
and almost impossible to scan in presence of ATP (fig. 3.17b and 3.17c), while in presence of both non-
hydrolysable analogues and ADP this effect is reduced.
Fig. 3.17 Different degree of destabilization induced by different nucleotides. In
panel a) and b) are compared the effects induced on the same sample respectively
by 1mM ATPS and by 1mM ATP. In panel c) is shown how the sample is strongly
destabilized by 1mM ATP already at the first scan. In panel d) the AMP-PNP
almost does not destabilizes the monolayer as it can be seen by the absence of any
groove in panel e) (scale bar 100 nm everywhere).
To avoid these strong ATP induced effects, several stabilizing factors were tried during experiments; among
them the best results were obtained by adding to the buffer some glycerol. This molecule highly increases the
viscosity of the buffer and it is known to have a stabilization activity as several others osmolites [81]. In figure
3.18 a layer of chaperonins is scanned in presence of 5% glycerol, and it is evident how even after many
passages the quality of the sample is almost not altered at all. Unfortunately, so far we were not able to find a
stabilizer able to preserve, in presence of ATP, the same scanning conditions that we achieve with the nucleotide
free GroEL.
3.3.4 Measure of the hydrophobicity of the GroEL cavity.
It has been described in the section 3.1, how important is, for the activity of a chaperonin complex, the ability to
switch, in a concerted way, the surface of its cavity from hydrophobic to hydrophilic. The hydrophobicity is, in
fact, a property necessary for binding the unfolded polypeptides, and it is no more necessary once the refolded
protein is supposed to be released within the cavity space. The GroEL activity model has been deduced mainly
by the crystallographic structure [48, 50], which allows seeing which amino acids are exposed in the different
conformations and by several biochemical essays mainly based on micro-calorimetric experiments [51] and
binding of fluorescent hydrophobic probes [52, 53]. Single molecule experiments of GroES binding to GroEL
support this model [66, 67]. However, in these series of experiments, it is missing a direct evidence of the
hydrophobicity/hydrophilicity change under physiological conditions. The main difficulties to carry out such an
experiment are that it has to be done at the single molecule level and that one needs an appropriate sensor to
detect the change.
We have used the atomic force microscopy imaging, performed with both hydrophobic and hydrophilic tips, to
detect, with a nanometer scale resolution, first, the hydrophobicity of the cavity and then the change in the local
environment upon the binding and hydrolysis of ATP. The big advantage of atomic force microscope is, as
mentioned before, that it can work with the proteins in the closest possible conditions to the native ones and, in
addition to this, the probes used to make images can be treated in order to transform the chemical and physical
properties of their surface. This allows one to have very well characterized interaction probes, which, differently
Fig 3.18 Images of the GroEL monolayer in a Buffer
containing 7.5% glycerol. In a) the sample without
any nucleotide in solution, while in b) 4 mM ATP are
present. It is evident that a destabilizing effect is
taking place even under these conditions
a) b)
from the tip functionalization by mean of proteins or biomolecules binding, have a well defined shape and
surface.
The tip used in this work were either commercially available silicon nitride tips which, after cleaning are
hydrophilic or the same tips but coated with a silane layer teminating with a long fluorinated chain. The
procedure for the silanization of the tips is described in details in the Appenix 1. In some experiments
hydrophobic tips made by a carbon supertip grown onto a commercial Si3N4 cantilever have been used.
All along the present work, the images of GroEL have been done by the atomic force microscope operated in
tapping mode. How the tapping mode is working has been deeply described in the chapter 2, here we want just to
demonstrate how this way of working allows one to measure locally the change in the tip-ssample interaction
and so the local environment.
It is known that, if a cantilever with tip oscillates over a surface, as schematically drawn in
figure 3.19, its resonance frequency and/or amplitude changes depending on the kind of
interaction between the tip and the sample.
Fig. 3.19 Schematic representation of the oscillating cantilever in an AFM
operated in Tapping Mode. In the upper panel is shown the system as it
exists in most of the commercail AFM; in the lower one the same is
schematized as an oscillating spring (spring constant C) with a tip
interacting with the surface through a potential U(s). On the left there are
the equations describing the system and the resonance frequency shift.
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The resonance frequency fR  of such a system can be approximately given [82] by
k
Fff R

 10  where f0 is the resonance frequency of a freely oscillating cantilever, k  is
the spring constant of the cantilever and F is the force gradient acting along the vertical
direction between tip and sample [83]. This means that, as it is explained in figure 3.20 ,
attractive or repulsive interactions of the tip with the sample lead to a shift in the resonance
curve. Thus, a topographic contrast reflecting the hydrophobicity or hydrophilicity of the
surface arises.
Let’s estimate the apparent topographical effect of a change from a hydrophobic to a
hydrophilic sample as reported in figure 3.20. Using force-distance curves of a
hydrophobic/hydrophilic tip on mica (hydrophilic) or on HOPG (hydrophobic) we estimate
the force gradient acting between tip and sample before contact to be about 10-2 N/m
maximum. This implies a frequency shift for a 9 KHz oscillating cantilever with a nominal
Fig. 3.20 Different topography recorded on a surface half hydrophobic and half
hydrophilic by two different tips. In the central drawing the hydrophilic tip will se the
hydrophobic side of the surface apparently higher, while the hydrophobic probe will see
exactly the opposite.
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spring constant of 0.32 N/m of about 200 Hz. The resonance curve of one cantilever can be
measured and by calculating the amplitude change due to a 200 Hz shift, we estimate, under
the conditions used for taking our images, that the apparent height change is about 5 nm. This
height change fits very well in the range of changes that we can determine by AFM.
A hydrophobic tip in aqueous solution will feel a strong attraction to the hydrophobic side
chains exposed inside the cavity and a small repulsive one from the upper external part of the
ring. A hydrophilic tip probing GroEL will sense the opposite interactions. Therefore, as
previously explained in figure 3.20, one expects that the images taken with the hydrophobic
tips show an apparent deeper penetration of the tip into the cavity, while images taken with a
hydrophilic tip should show a smaller penetration in the cavity. In figure 3.21a and 3.21b
"true" topography of GroEL is compared with the  topography as measured with hydrophobic
or hydrophilic tips. The cavity of the protein in the nucleotide-free conformation is mainly
hydrophobic and thus it [84] should be probed more or less deeply respectively. This effect is
exactly what we show in figure 3.21 where the values of tip penetration into the cavity taken
by an hydrophobic probe are compared to those taken by an hydrophilic one. As it is possible
to see in the histogram the measured cavity depth using hydrophobic tips is 0.5 nm deeper on
average than when hydrophilic tips are used.
One might argue that this difference is a consequence of the tip shape difference, as it is well
known that AFM images are a convolution between the tip shape and the sample [72, 84]. It
can be shown in two ways that this is not the case here.
Fig. 3.21 Topography of a GroEL complex recorded by the tip in
the case that: (a) the dominating effect is the tip-cavity
convolution. A sharper tip will probe more deeply the cavity. In
b) the interaction effect is dominating – the hydrophobic probe
will penetrate more deeply in the cavity. In c), is reported the
histogram representing the distribution of the cavity depth of
GroEL when measured with two chemically different tips.
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To exclude these artefacts, first we used many different tips to determine the cavity depth,
since it is unlikely that every tip has the same protrusions on the tip's apex. Second we
determined the lateral size of GroEL, since it is given by the tip-sample convolution (figure
3.21c). In fact, if the tip enters further inside the hole because of its smaller radius of
curvature, there must also be a smaller lateral dimension in the image, when compared to
images of the same protein taken with a larger tip. Toward this aim, we measured, as shown
in figure 3.22 both lateral dimension and cavity depth for different tips, some being
hydrophobic and some not. Figure 3.23 shows the data distributions with the relative mean
values.
The lateral size (fig. 3.23) was measured by taking the width of the molecule 2 nm below the
rim, while the cavity depth was measured between the rim and the lowest point inside the
cavity. The lateral size measured with different probes gives very similar values and the
histograms are overlapping (fig. 3.23), while the distribution of the cavity depths are clearly
separated and with obviously different mean values as described before (Fig 3.21). These
results indicate that there is no correlation between cavity depth and lateral size with the tip
used.  In all measurements performed, the deeper penetration of the tip into GroEL cannot be
due to the tip shape but to the tip-cavity interaction.
In figure 3.23 the section analysis of two different GroEL complexes measured with different
tips are compared leading to the same conclusion. This result strongly supports the assertion
above that the deeper penetration into the cavity is due to the stronger interaction between a
hydrophobic tip and the hydrophobic residues present on the inner surface of the cavity.
In the present work, we have focused our attention onto the ability of biomacromolecules to change the
conformation in order to perform, in the best possible way, their task. It is then worthwhile to use the technique
developed so far for detecting the change which takes place into the GroEL cavity upon the ATP induced
conformational change. In this case, it is the cavity surface which is changed while the scanning tip remains the
same.
Fig. 3.22 a) A typical AFM image of GroEL , b)
how data about lateral size and tip depth are
extracted by the section analysis of such images.
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For this experiment hydrophobic carbon tips were used. These tips, grown onto commercial
Si3N4, have also the advantage to have a very good aspect ratio. The use of well characterised
hydrophobic probes has an additional interest, in fact they can mimic the kind of interaction
between GroEL and an unfolded protein which exposes a higher amount of hydrophobic
surface.
In figure 3.24 the histograms of the cavity depth determined using a hydrophobic probe are
shown. The histograms were extracted from measurements done in presence or absence of 4
mM ATP. It is possible to see how the cavity depth changes from higher to lower values as a
consequence of the addition of ATP to the imaging buffer. In presence of ATP, on average,
Fig. 3.23 a) distribution of the lateral sizes of the
chaperonins, the two histograms are overlapping; b)
comparison  of two profiles of GroEL complexes recorder
with hydrophobic and hydrophilic tips.
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there is a higher probability of finding a protein in the hydrophilic (open) state. Thus, the
hydrophobic tip will feel a less attractive or repulsive interaction with the cavity leading to a
shallower cavity .
The two distributions of measured cavity depths are different. In fact, in absence of ATP a
single peak distribution is observed, while upon ATP addition, not only a shift to lower values
is induced, but also the appearance of a second peak can be seen. This can be explained
because in absence of ATP the two rings in all chaperonins are both in the closed
conformation (hydrophobic state), while the presence of ATP induces the cyclic
conformational change between the two states (hydrophobic and hydrophilic), so the
complexes on the surface will be alternatively imaged in the two conformations
corresponding to the two peaks. This possible explanation is consistent with the previously
described time scale of the GroEL conformational change (~15s) [38] which is compatible
with the time that the AFM tip stays on one complex during imaging.
The difference in the mean depth value of the two distributions is about 0.7 nm (fig. 3.24) and
in extreme cases it can reach much higher values as it can be observed comparing the section
analysis of two explicitly chosen proteins in figure 3.24. All the experiments were done using
the same tip before and after the addition of ATP to eliminate any possible tip shape effect.
The histograms of figure 3.24 are averages over several tips. These results are consistent with
the generally accepted models of GroEL structure and activity [38, 44], especially concerning
its conformational change induced by ATP hydrolysis .
3.4 Discussion
In this chapter, the results obtained studying the molecular chaperone GroEL by mean of AFM have been
illustrated.  The main achievement of such a kind of approach is the possibility to study both mechanical and
chemical-physical properties of the proteins at the single molecule level. The fact that the protein is under
physiological conditions allowed us to study the structural changes which it undergoes by interacting with
several ligands.
GroEL, on one hand, has demonstrated to be a suitable sample for atomic force microscopy experiments
concerning the possibility to image it and to extract some structural information from images; on the other hand,
Fig. 3.24 In the upper panel are shown the histograms of the cavity
depth measured by hydrophobic tips in presence and absence of
ATP. When the nucleotide is present there is a shift to lower values.
Down in the figure is shown the comparison between two GroEL
molecules with and without the ATP in the solution.
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its strong stability problems has not allowed to perform all the activity experiments planned. In fact, differently
from classic globular proteins which appear in afm images as poorly characterized spherical or elliptical objects,
its well defined oligomeric structure allowed us to draw conclusions about all modifications happened during the
experiments. The double ring structure has had a significant importance in understanding the complex stability.
In fact, we were able to determine that the weakest point of the complex is at the interface between the two rings
comparing the height of the dissected part with the crystallographic height data. Such conclusions would have
been much more difficult to be drawn for a globular protein, because of the difficulty to determine in an absolute
way the orientation of the polypeptide onto the surface. Some effects like sudden changes in height could have
been due to the simple displacement of the proteins or to their vertical squeezing by the oscillating tip. The
characteristic double ring toroidal shape of the chaperonin oligomer, allowed us to rule out, when it was the case,
these possibilities and to determine in all experiments the orientation of the complex.
The possibility to explore directly the complex’s cavity was also very important in order to study the
conformational change in the local environment which follows the binding and hydrolysis of ATP by GroEL.
4. DNA
4.1 DNA
In chapter 3 the relation between the amino acid composition of a protein and its 3 D structure was discussed in
detail. It was in particular described how it was fundamentally believed that all required information for the final
protein structure was contained in its primary structure. As a consequence, it was believed there was a direct
relationship between the gene and the final active form. This is the so called Central Dogma of molecular
biology. In living organisms, the information is transferred from DNA to the RNA through transcription, then to
the final protein primary structure through translation.
In both of these processes the class of biomolecules called the nucleic acids plays a central role.
DNA and RNA are polymers composed of a sequence of four similar units called nucleotides. For DNA, each
nucleotide is composed of a sugar (2´-deoxyribose), a phosphate group and one of four heterocyclic nitrogenous
bases, adenine (A), guanine (G), cytosine (C) or thymine (T). The composition of RNA is similar, except the
sugar group is ribose and thymine is replaced by uracil (U).
The monomers are bound together to form the DNA chain by a phosphodiester linkage between the 5´-hydroxyl
group of a given deoxyribose and and the 3´-hydroxyl group of the next one. Nitrogenous bases appear as side
groups attached to the 1´-carbon of the 2´-deoxyribose by an N-glycosyl linkage. The DNA bases tend to form
base pairs (bp) in which the pair wise interaction adenine-thymine and cytosine-guanine are stabilized by
hydrogen bonds. Usually DNA exists as a double-stranded antiparallel form in which two strands, with opposite
polarity and complementary sequence, are held together by base pairing. In this way, genetic information is
stored in all living organisms which for some of them consists of short fragments (5000 bp in some viruses, 2m
long) and for others as very long filaments (5 109 bp in human cells, ~2m) [85].
All the information mentioned so far follows the discovery made 50 years ago by Watson and Crick [86] of the
DNA double helical structure. Based upon X-ray diffraction patterns obtained by themselves, by Franklin and by
Wilkins [87, 88], in combination with the previous work of Chargraff [89] about the proportion of the different
bases (the amount of adenine and guanine are respectively equal to those of thymine and cytosine), they
proposed a double helical structure in which two strands are interwound and kept together by the interaction
between the complementary bases A-T and C-G. An example of the antiparallel arrangement of the two
filaments is shown in figure 4.1. The hydrogen bonds are stabilizing the interaction between the complementary
bases, but the driving force for stacking the double bases in the extended double helix is the hydrophobic
interaction. Basically, by stacking one on the top of the other, they tend to exclude the water from the
surrounding medium.
After the worh of Watson, Crick, Wilkins and Franklin, DNA structures were refined by improving the
crystallographic techniques and DNA was discovered to exist in three different shapes: B-DNA, A-DNA and Z-
DNA.
The B form is the most largely diffused and it consists of a right handed double helix with a pitch of 3.4 nm
where one base pair is rotated approximately 36° with respect to its neighbors. This means that, for B-DNA,
approximately 10 base pairs (10.5 bp) are needed to complete one turn. DNA undergoes a transition from the B
form to the A form when it is dehydrated. The helical pitch of A-DNA, which is also right handed, is 2.8 nm and
11 base pairs are present in one complete turn. The structure of the Z-DNA is completely different. It has a
sequence rich in alternating purines and pyrimidines (GCGCGCGCGC or ACACACACACA) and is left
handed. The three DNA forms with their respective geometrical parameters are compared in figure 4.2.
Figure 4.1 : DNA double helix (left) and details
of the base pairing which stabilizes the helical
structure (right).
The DNA, depending on the organism to which it belongs, can be present in very different forms. For example,
in Eukaryotic cells the genomic DNA is concentrated into the cell’s nucleus where it is wound around particular
protein complexes, called histones, to form chromatin. Chromatin is then arranged in long fibers to constitute
chromosomes. In many other cells like bacteria or organelles, the DNA is conserved as a covalently closed
circular molecule. Some viruses, on the other hand, have a genetic material which is linear, but with two
cohesive ends. Once the DNA is outside the virus’ capsid, it is able to stick together to form a circular molecule
not covalently closed [90].
The circular closed DNA molecules will be the main subject under study in the present chapter.
4.1.1 Circular DNA.
In 1963, ten years after the publication of the double helix structure of DNA, Cairns et al. demonstrated by
autoradiography that, upon deproteinization, the whole E.coli chromosome consists of one circular DNA
molecule. In the same year, two groups (Dulbecco and Vogt [91] and Weil and Vinograd [92]), independently
discovered that double-stranded DNA of the polyoma virus has a closed circular form. Presently, it is generally
acknowledged that this form is typical of bacterial DNA and of cytoplasmatic DNA in animals. Circular DNA
can widely vary in dimension. For example, the E.coli chromosome is composed of 4.7x106 bp, while for the
polyoma virus it is 5292 bp. Circular DNA, known also as plasmid DNA, has presently become an invaluable
tool for research in molecular biology. For this reason, an increasing interest has arisen in the last few decades
around these molecules in order to deeply understand their physico-chemical properties.
After its isolation, a strange property was immediately observed in the polyoma virus DNA: the sample
separated into three populations during centrifugation. Each population was composed of molecules with the
Fig 4.2 From left to right the structures of
B-DNA, A-DNA and Z-DNA
same number of base pairs, but with a different sedimentation velocity.  One was easily identified to be circular
and another one as linear, but the third one, which was the most abundant and heterogeneous, was difficoult to
identify. In figure 4.3 an electrophoresis analysis is shown where it is possible to see this third population as the
lower band, compared with the relaxed circular DNA. From electron microscopy, the third form appeared as a
more compact and contorted DNA molecule, but further insight into its structure was not possible at that time.
The only biochemical characterization was the conversion of this unusual form in the normal circular one upon
introduction of a single-stranded break (better known as nicking) into one chain of the double helix [93].
With mechanical models, Vinograd and coworkers [93] showed that this population was composed of molecules
which have a super helical winding of the double helix around itself. This form is called supercoiled circular
DNA. Supercoiled DNA will be the main form of DNA studied by AFM in the present work.
The DNA in its supercoiled form and transitions from one form to the other are subjects which have fascinated
an interdisciplinary scientific community, including biochemists, physicists and mathematicians [32].  To
understand supercoiled DNA, in fact, a collective effort has been done by combining classical biochemical
characterization techniques with the more recent topology discoveries.
4.1.2 Links and DNA topology.
As mentioned in the previous section, to describe in a complete way the properties and behavior of circular
supercoiled DNA, it is necessary to introduce some basic concepts of topology and geometry of closed curves.
These concepts will be introduced avoiding any detailed demonstration of the theorems on which this complex
field of mathematics is based.
The first fundamental concept to introduce is the linking number. When two closed curves are linked, the linking
number is the algebraic sum of the number of times that one curve passes through the surface defined by the
second one. The sign of each intersection is determined according to its direction relative to the curve enclosing
the surface, as can be seen in figure 4.4.
Fig 4.3 Different migration rates for relaxed
and supercoiled plasmids cause them to
separate in a gel
It follows that, once the curves have been linked with a certain linking number, Lk, this number cannot be
changed without cutting one of the curves. This means that Lk represents a topological constant which cannot be
altered by simply modifying the shape of the two curves. For a molecule of circular closed DNA, the two strands
are exactly two curves linked a certain number of times. One can think to modify smoothly one of the strands
without crossing the other until it reaches a circular shape. Now the second strand is crossing (in the same way as
in fig. 4.4) the surface spanned by the first strand. The number of times that one DNA strand passes through the
surface spanned by the second one is equal to the number of complete turns performed by the double helix. It is
equal to N/, where N is the total number of base pairs and  the number of bp per helical turn. In order to
change Lk, one of the strands has to be opened. In nature, this task is performed by a well known class of
enzymes called the Topoisomerases [94]. An example of double strand circular DNA with Lk = 20 is shown in
figure 4.4.
A second parameter needed to describe the topology of DNA is called twist (Tw). It is defined as the number of
rotations of the molecule around its axis (the twist is positive for right-handed rotations). It is worthwhile to note
that Tw can be defined for a linear DNA molecule and, therefore, is not a topological constant. For a linear DNA
molecule, it can also be defined as N/. To have a geometrical idea, one can think of Tw as a measure of the
relative rotation of one base pair with respect to the next (previous) one.
Let’s now look at a practical example which will allow us to see the relationship of these quantities for
supercoiled DNA. A DNA molecule composed by 100 bp, which has an intrinsically straight axis and a minimal
energy state of 10.5 bp per helical turn, will have a value of ~9.5 as initial twist. If one tries to gently bend the
chain in order to form a circle the two extremities will be approximately one half turn out of phase. To
covalently close such a molecule one must bring the two extremities in phase, either by over-twisting the chain
to reach a Tw=10 or by under-twisting it to Tw=9. Both these configurations will achieve a closed molecule but
they will not assume a planar conformation (as it is possible to prove by repeating the same experiment with a
paper ribbon model). The whole molecule will assume a deformed shape turning around itself. The distortion
from the planar shape is due to the 0.5 turns increase or decrease that has been introduced. The double strand
DNA will look for the minimum energy twist (10.5 bp per helical turn), Tw=9.5, but the requirement of a linking
+1 +1
-1
Fig 4.4 : On the left, one molecule of  closed
circular DNA with Lk=20. On the right, two
linked curves and how to compute their linking
number which, in this case, is Lk=+1.
number of 10 (or of 9) will prevent the chain from being planar and it will writh. We usually say that in the case
of Lk=10, the chain has a writhe of +0.5, while in the case of Lk=9 the chain has a writhe of -0.5. Writhe arises
when the twist differs from the linking number of the molecule, because of the mechanical stress stored in the
chain. It can be defined as the number of superhelical turns made by the double helix around itself. A more
rigorous mathematical definition tells that the writhe, Wr, is the average number of the crossings of the chain
over itself for all possible orientations. The crossings can be negative or positive according to the rule shown in
figure 4.5. The same figure shows how a molecule can have different number of superhelical crossings,
depending on the angle from which it is observed; from which the necessity of the average in the definition.
The mathematical equations describing the above example originates from a theorem developed by White in
1969 [95] and applied to the analysis of circular DNA by Fuller in 1971 [96]. It can be enunciated in the
following way:
where Lk is the linking number for the edges of a ribbon, Tw is a measure of the number of times one of the
edges spins around the ribbon axis and Wr is the spatial course of the ribbon axis. Eq. 4.1 says that, in the case of
DNA, the linking number is a topological constant equal to the sum of the number of rotations of the base pairs
with respect to the molecule axis and the number of superhelical turns of the molecule around itself.
Fig. 4.5 : On the left it is shown how two different
projections of the same circular molecule can give
different crossing numbers. The schematic on the
right demonstrates how to compute the sign of a
crossing.
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This description can be extended to all cases where the DNA chain unwinds, for example, before being closed in
the circular form. In such a case, the real linking number will differ from the minimal energy twist
(corresponding to the minimal energy Lk) and the molecules will produce a negative value of Wr, in an attempt
to reach again this energetically more favorable state of a double helix (according to the eq. 4.1). This
phenomenon is generally known as negative supercoiling. A similar example is illustrated in figure 4.7 .
Fig 4.6 twist and link: how they can be
interconverted
Taking a step back(see paragraph 4.1.1), it is now evident why the plasmid population immediately converts to
the relaxed form upon nicking. In fact, from the topological point of view, the linking number is no longer a
topological constant and the molecule can find its optimal twist without writhing, because it can freely rotate
around the unrestrained single strand bond at the nicked site.
When extracted directly from cells, the plasmids are in general  negatively supercoiled (an exception are the
thermophiles). It means that these molecules have a linking number, Lk, smaller than the reference value, Lk0=
N/. In molecular biology, it is common to quantify this difference, which univocally characterizes the plasmid’s
topological state in terms of percentage, using a quantity called superhelical density:
The value range of 
 for plasmids extracted from cells, like E.coli, is usually between -0.03 and -0.09.
In the present section, the main characterization parameters of closed circular DNA have been introduced. We
can exploit now a rigorous description of all its conformational states (relax and supercoiled), which allows us to
quantify the different components of torsion acting on the double helix.
 In the following section, the results from the main characterization techniques used in this work (AFM, TGGE)
will be discussed for different samples of circular DNA with special attention being paid to conformational
changes induced by external chemical agents and environmental changes.
Fig. 4.7: schematic representation of the
main parameters of a circular DNA molecule:
the supercoiled form originates from a
linking number different from the reference.
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4.2 Sample preparation
4.2.1 Adsorption onto different surfaces.
In chapter 3.2, we thoroughly discussed the importance of the deposition of a protein onto a surface in order to
observe its activity by atomic force microscopy. Concerning the observation of the DNA molecules in this work
we will never deal, with any “real-time” dynamic analysis as for GroEL. Still, the adsorption of the molecule on
the substrate surface is a crucial problem which must be carefully studied in order to get reproducible and
interpretable results from the experiments. In this section an overview will be given.
First of all, it is important to underline that DNA, when not condensed in a Eukaryotic cell’s nucleus, is a
polymer in solution far from its -point. It means that it assumes the conformation of a statistical chain in most
of the processes where it is involved. Second important detail to keep in mind is that DNA is a strongly charged
polymer; its phosphate backbone has a net negative charge in solution distributed over all the chain length which
induces an electrostatic repulsion among the different parts of it.
These two considerations make it clear why the adsorption onto a surface plays an important role, in particular
the influence that the interaction with the surface can have on the conformation of the flexible chain.
The AFM community, especially the groups involved in molecular biology, have investigated the problem of
DNA adsorption on a surface in detail in the last ten years, revealing the importance of the subject. These studies
lead to results in good agreement with each other, but the interpretation of the experimental results was not
always the same.
Two main schools [97, 98] exist concerning the deposition of the DNA onto surfaces. The first school uses
freshly cleaved mica and tuned ionic conditions in order to fix DNA. The second one deals with different
surfaces where the DNA is naturally sticking in order to have the freedom of choosing the buffer conditions
according to the needs of the experiments. These two approaches produce different conformations of the DNA as
it is imaged by AFM. It is then important to understand which one is reflecting better the DNA conformation in
the physiological bulk solution.
The first images of DNA by AFM were obtained by the groups of Descouts, Hansma and Bustamante [97, 99-
101]. All these groups performed a fundamental step in opening the way for the DNA observation.  These early
works were all carried out with the DNA adsorbed onto freshly cleaved mica by means of divalent cations,
which act like bridges between the molecule and the surface (both negatively charged). This deposition was
required in order to have freedom of movement and rearrangement of the DNA chain on the substrate. Very well
known is the experiment of Kasas et al. [102] where, by gently tuning the binding of the DNA to the surface
through the cations concentration in solution, they were able to observe the RNA-polymerase in action along a
DNA fragment during transcription. For this experiment and those following it [103-105], the need for DNA to
rearrange onto the surface with a certain degree of freedom was a basic requirement for observing the motion of
the polymerase along its substrate.
The modification of the substrate surface to strongly bind DNA independently of the ion concentration has been
developed by Lyubchenko and coworkers over the last decade [98]. They wanted mainly to observe, with very
high resolution, the level of supercoiling of plasmids versus the different ions present in solution. For this aim,
they needed to eliminate the ions necessary for binding to the surface leaving only those which were supposed to
have an effect on  the degree of supercoiling and the compactness of the conformation assumed [29]. The
procedure consisted in covering the mica surface by an amino-terminal silane molecule (the
aminopropyltriethoxysilane APTES) which in solution at physiological pH is strongly positively charged and,
thus, binds strongly DNA molecules. Many important processes related to DNA conformations and to DNA-
protein interactions have been studied by this method, but in these cases almost no kinetic changes can be
observed. The DNA molecule, once adsorbed to the surface, undergoes only small and local rearrangements.
The difference between the two techniques introduced can be summarized as follows: when the DNA is bound to
the freshly cleaved mica surface by means of a buffer containing divalent cations, upon binding to the surface,
the molecule relaxes to a conformation corresponding to the minimum energy state in a 2-dimensional space. On
the other hand, when bound to AP-mica (that’s the common name given to amino-modified mica), the DNA
molecules rapidly binds to the surface. It means that DNA is quickly transferred from the bulk solution to the
surface and, once bound to it, does not change its conformation. The conformation on the surface originates from
the projection of a three dimensional conformation in a two dimensional space. Rivetti and coworkers performed
a detailed and systematic analysis of the adsorption procedure, interpreting their results by mean the statistical
polymer chain analysis [106]. Using the worm like chain model for double stranded DNA fragments, they were
able to show the difference between the equilibration of DNA onto a surface treated by divalent cations, versus
the trapping on a silanized surface. In the next section, some experimental data obtained in our laboratory will be
shown. They confirm and complement the above conclusions with less constraint in analysis.
It is clear that projection of an object’s shape on the surface without equilibration allows, in absence of
distortions, to get direct information about the conformation assumed by the biopolymer in the “three
dimensional” buffer solution. For this reason, many groups have adopted this adsorption method to image DNA
by AFM.
Binding to mica by means of MgCl2 or other divalent ions is often done, because DNA is adsorbed in an
elongated shape with few cross-overs. These conditions help the visualization of local variations in the structure
that otherwise would be hidden by many cross-overs and contacts. Two examples of the conformations
mentioned above are shown in figure 4.8.
Recently, some groups developed an alternative procedure of binding DNA onto a surface which is similar to the
APTES reaction, but involves a different reagent (silatrane) [107]. The reversible binding allows the observation
of dynamic conformations of DNA. These alternative methods have been developed mainly because adsorption
in the presence of divalent ions (Mg2+, Ni2+, Zn2+ etc.) might introduce a number of artifacts that, according to
some groups, would originate during drying of the sample.
In our laboratory, we used both methods exploiting the advantages of each of the methods. The most important
point, as noted in the following paragraphs, is the need to carefully check the results with both methods to rule
out any possible artifacts. An interesting study about the conformational changes induced by the relaxation on
the freshly cleaved mica surface, especially regarding supercoiled DNA, has been performed in Thomas Jovin’s
laboratory leading to some interesting conclusions about the effect of the adsorption time [108].
4.3 Measurement of the statistical properties of a DNA chain adsorbed onto a surface
As mentioned in the previous section, understanding the kind of processes that dominate the adsorption of DNA
onto the surface is very important for the interpretation of the results. To interpret our results, we have employed
the theoretical principles of the physics of polymers. This field was initiated in the 1960’s by Flory [109] who
studied the statistical mechanics of chain molecules. De Gennes and many other scientists developed this field
later. De Gennes gives an important account in his famous book [110]. In this paragraph, we shall not go into
details of the formalism, rather we shall introduce the main concepts necessary for our analysis.
The first attempt to model a polymer chain was made using a freely jointed chain, where the different segments
are able to freely rotate around the contact point with their neighbors. The chain is totally flexible in this model
which does not take into account any interaction between its different parts. In this case, the molecule size will
be given by 2/10 NaR  which is determined by the random walk model.
A more realistic model is the so called self avoiding walk. In this model, one has to consider the interactions
between the different chain segments given by the repulsion between atoms due to Pauli’s exclusion principle
which does not allow the polymer to entangle itself. This repulsive interaction is called “volume interaction”.
This model gives the same results as the model of Flory. Flory derived the following law for the size of the
polymer chain:
where RF is the Flory radius (size of the polymer), d is the dimension of the space, and  is the Flory exponent.
This law, which is valid for large N (long chain) and the polymer dissolved in a good solvent, tells us that
Fig. 4.8: Different conformations assumed by a -DNA
molecule on mica depending on the adsorption
procedure. The right image it is shows the binding on an
amino-modified mica surface. The left image shows
binding on divalent ions treated mica. The scale bar is
100 nm in both images
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- For d=1 ,  =1: the chain is completely extended (rod like);
- for d=2,  =3/4: chain on a surface without crossings;
- for d=3,  =3/5: chain in the bulk solution;
The “real chain” is swollen compared to the “ideal one” (=1/2) due to the interactions between monomers.
Recently, using the renormalization group theory, more precise values have been computed for  [111]. The 3D
value is 0.588±0.001.
In our experiments, we have measured for the DNA molecules adsorbed onto different surfaces according to
two deposition procedures. The measured values should tell us which kind of adsorption has taken place.
In order to measure , we first determine the end-to-end distance as a function of the contour length of each
imaged DNA molecule. Then, the data are averaged over all molecules. The power law is fitted to a plot of the
polymer mean end-to-end distance versus its contour length to extract the exponent .
Because we can image only a limited number of DNA molecules, there are few data points and, thus, poor
statistical analysis. To improve the data, we have measured along each molecule the contour length and end-to-
end distance of all possible sub segments constituting the molecule. Before doing the end-to-end analysis of the
molecules, the x and y coordinates of the DNA must be extracted from the AFM images. This was done by
tracking the molecule contour using a software that follows the maxima of the DNA profile and then “smooths”
it by the so called “snake algorithm”. The software used is called Ellipse and has been developed jointly with the
Slovak Academy of Science of Kosice. Figure 4.9 shows the extracted coordinates and the corresponding AFM
image. On the graph of figure 4.9, the straight lines represent the end-to-end distance for a given contour length.
The molecules used for this experiment are -mix-DNA. They have two main advantages: first their sequence is
very heterogeneous and second there is a wide distribution of fragments sizes from short to very long ones.
In figure 4.10, a gallery of these molecules adsorbed on amino modified mica or on freshly cleaved mica is
shown. As it is possible to see qualitatively, the strongly adsorbed molecules  have a large number of crossings
as for a projection from three dimensional space. On the other hand, when the molecules are weakly adsorbed,
there are almost no crossings, indicating a strong excluded volume effect in two dimensional space.
If we measure for the strongly adsorbed molecules the mean end-to-end distance vs the contour length and plot
the results on a log-log scale, we obtain two power laws that can be easily identified in fig. 4.11.
Fig. 4.9 Plot of the x-y coordinates of a -DNA molecule
on mica by measurement of the end-to-end distances
(indicated with). The  original AFM image is shown in
the inset.
This behavior can be understood if one thinks of the DNA molecule as a real chain with a persistence length. In
fact, for short distances, the DNA molecule can be considered as a rigid rod for which the end-to-end distance
corresponds to the contour length ( =1). For distances longer than the persistence length the chain looses the
memory of the previous segments and the DNA molecule behaves as a self avoiding walk (SAW).
Fig. 4.10 Image gallery of -DNA molecules adsorbed onto mica by different
procedures. The upper four images are take with DNA on “APTES reacted” mica
under strong binding conditions. The lower left image represents DNA on freshly
cleaved mica (weak adsorption). The last image is DNA on APTES, but with high salt
concentration (strong screening of the coulombic interactions – weak adsorption). The
scale bars represent 100 nm.
To better analyze the data, we built a fitting function considering two power laws with a cross over length. The
idea is to caractherize the two regimes, measuring the two exponents and also to obtain the persistence length
from the cross-over length. The function used is the following:
where m and n correspond respectively to 1 and 2, the exponents of the two power laws, l is the persistence
length and a is a normalization coefficient. It is easy to see that  for   1/ lx  the function behaves like
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Fig. 4.11 : Plot of the end-to-end distance vs. the DNA length
shown together with a curve fit and its parameters: a)
experimental data and fitting results for molecules trapped on
AP-mica; b) comparison of the data after simple
physisorption on the freshly cleaved mica (□) and the trapping
on AP-mica (■)
LMg=471.3 nm
a)
b)
DNA contour length
[nm]
DNA contour length
[nm]
In figure 4.11, the end-to-end values for DNA deposited on APTES mica as a function of the contour is plotter
on a log-log graph. The continuous line in fig. 4.11 is the fit using eq. 4.2.
Looking at the values obtained from the fit, one can draw immediately some important conclusions. First, for
small length scales the DNA molecule behaves like a rigid rod (1=1.033), while for a large length scale a
behavior similar to three dimensional self avoiding walk is observed (2=0.589). The behavior over small length
scales can be interpreted to stem from the elastic properties of DNA. For lengths smaller than the persistence
length, DNA can be considered as a rigid rod ( =1). More intriguing is the behavior over scales larger than the
persistence length (2=0.589). In fact, one expects that if we deposit DNA on a surface, its behavior should be
described by Flory’s law with a 2 dimensional exponent (2d=0.75). However, our observation of 2=0.589 is
consistent with the Flory exponent law for a SAW in 3 dimensions. We can safely assume that DNA in solution
has a 3d SAW exponent. The question now is to explain how we can observe the same exponent for DNA on a
surface. Towards this end, we have to note that the adsorption of DNA on APTES mica is very strong, although
the adsorption mechanism is not known in detail still, we believe that DNA is rapidly adsorbed. During this rapid
adsorption, DNA is vertically projected on the surface. Thus, its fractal dimension is conserved, because the
DNA fractal dimension in 3d is smaller than the dimension of the space where it is projected, that is 2
(df=(1/). The conservation of the fractal dimension upon projection can be easily understood by
observing that the projection of a line (df=1) from 3d on a 2d surface remains a line. Secondly, there is a very
good agreement between the persistence length (cross over length) with the previously measured values. Stasiak
and coworkers measured 45nm from cryo-EM images [112] and the group of R.M. Henderson in Cambridge
obtained 43.9±1.2 nm by AFM using a different analysis than reported here.
Our analysis, different from some previous works, has the advantage that it determines independently the
dimensionality of the molecule and a physical parameter like the persistence length. No a priori assumptions are
made about the dimensionality of the system.
The DNA molecules adsorbed onto freshly cleaved mica treated with a Mg electrolytic solution, yields the
results shown in figure 4.11b.The molecule seems to remain rigid for distances longer than the persistence length
(~471 nm)  measured for the previous case. This prevents us from measuring accurately the second exponent,
because there is not a sufficient amount of data for the second regime region. This result is not very surprising,
even if different from that expected (a simple two-dimension behavior). On freshly cleaved mica, DNA is known
to rearrange and relax. If the sample is composed of very long molecules, as in our present case (-DNA is long
16.4 m), the drying procedure has a tendency to align them, as they were lightly combed. This effect is not as
strong as the more known molecular combing phenomenon [113], but it can distort the real values of persistence
length. In the case where the experiments on mica are performed with very short fragments, this effect does not
occur, as reported before [106, 114]. Bindinging on APTES mica is evidently not harmed by this effect, still two
dimensional relaxation can be achieved on AP-mica via screening the interaction between the DNA and the
amino groups of the silane, by varying the buffer ionic strength.
The results shown here seem to give a more physical insight into the two approaches for adsorbing DNA onto a
mica surface. We shall not discuss the effect on supercoiled plasmids which has already been deeply studied in
literature. An example will be shown instead demonstrating how the dimensionality can have a strong influence
on the conformation of a knotted viral DNA molecule.
4.4 Influence of environmental conditions on the topology and thermal stability of
ccDNA
4.4.1 DNA supercoiling in organisms living under different
environmental conditions
All microorganisms adapt to changes in environment, because their survival and evolutionary success greatly
depend on that. When some thermodynamic parameters suddenly change, the cell's alarm rings and triggers a
stress response. Changes in temperature affect lipid viscosity, protein flexibility and nucleic acid conformation,
with important regulatory consequences [115]. DNA supercoiling, which is essential for cell viability, is one of
the parameters affected by temperature and is tightly regulated in the cell. Regulation of DNA supercoiling is a
homeostatic process essential to the maintenance of normal cell function [116]. The degree of supercoiling in
cells is controlled by specific enzymes (DNA topoisomerases and gyrases) that are capable of either adding or
subtracting supercoiled twists to plasmids. DNA supercoiling varies with several other types of environmental
stress, including pH, osmotic shifts, barometric pressure, nutrient supply, transitions from aerobiosis to
anaerobiosis, the presence of toxic substances and starvation, etc. [117, 118]. DNA superhelicity is negative for
all known organisms except in some hyperthermophilic bacteria [119]. For Escherichia coli as mentioned in
section 4.1.2, the negative superhelicity is between 3% and 9%. The biological function of DNA distribution
among various supercoiling states in cells is not yet well understood. In bacteria where DNA is negatively
supercoiled, the topology of reporter plasmids changes transiently during thermal stress [120]. In Escherichia
coli, heat shock induces a transitory DNA relaxation, i.e., an increase in linking number (Lk), whereas cold
shock induces a temporary increase in DNA negative supercoiling, i.e. a decrease in Lk [121]. Plasmid DNAs in
exponentially growing Escherichia coli cells relax immediately after heat-shock. The relaxed DNA returns
rapidly to the original state, even at high temperature, simultaneously with transient induction of heat-shock
protein synthesis [120]. In contrast to previous reported experiments, where only transient temperature shocks
were applied to the bacteria, our experiments were carried out with long-run grown of E. coli at high
temperatures. Under these conditions, bacteria DNA does not return to a normal value of supercoiling. However,
no time-course experiments have been carried out to check if an initial recovery is present in our system.
Negative supercoiling is thought to facilitate strand opening in a variety of DNA-associated processes. Thermal
sensitivity of the highly supercoiled plasmids could play an important role in regulation of replication and
expression under thermal stress of cells [117, 119, 121].  In the literature, it is well known that negative
supercoiling helps along processes which require strand separation, like transcription. Recently, single molecule
experiments, carried out in the Bensimon laboratory showed direct evidence of the occurrence of so called
denaturation bubbles after introduction into the molecule of a certain amount of negative superhelical turns
[122]. On the other hand, when positive turns were introduced, no traces of denaturation bubbles were seen,
indicating that, if negative supercoiling is a crucial factor for the destabilization of the double helix, positive
supercoiling can stabilize the same structure. For this reason it seems easy to understand why thermophiles have
usually positively supercoiled plasmids [123], in fact, living at higher temperatures, they need more thermally
stable DNA.
4.4.2 Mesophile bacteria grown at different temperatures.
It has been shown in recent TGGE work that the thermal stability of negatively supercoiled DNA is dependent
on the level of supercoiling. As it can be seen in figure 2.9, the more supercoiled plasmids relax at lower
temperatures, indicating that they are less thermally stable [124]. From these results arises a question: how does
plasmid supercoiling behave and change in cells exposed for a long time to higher temperatures? Is any kind of
conformational change taking place in order to improve the thermal stability of DNA at temperatures higher than
physiological ones?
To answer this question, pUC19 plasmids (Sigma) were expressed and purified from Escherichia coli grown at
various temperatures between 30 and 52°C in increments of 1-2°C. The different preparations were first
analyzed by classic 2D electrophoresis in order to get an ensemble view of the populations present in the
different preparations, then, for each of them, the thermal stability was investigated by means of TGGE. Finally,
the Atomic Force Microscope was used to accurately describe their structure.
The 2 dimensional gels for a pUC19 plasmid grown at 37°C and 50 °C are shown in figure 4.12.
As described in chapter 2, the 2D gel electrophoresis was developed to improve electrophoretic resolution for
highly supercoiled DNA. After the first migration (direction indicated in figure 4.12 by I) a small amount of
intercalating agent (chloroquine) was added for the second dimension causing a decrease in the negative value of
writhe (Wr). Under these conditions, originally unresolved supercoiled plasmids are separable by electrophoresis
and one can analyze the distribution of various supercoiled DNA [125, 126]. Sometimes a very small amount of
relaxing agent can be added also for the first dimension in order to further improve the separation. In the
experiments illustrated in figure 4.12, a chloroquine concentration of 0.2 g/ml was used in the first dimension
and 0.6 g/ml in the second one. The comparison of results in figure 4.12 shows a significant shift of DNA
supercoiling to the less supercoiled DNA structures with increasing temperature. A basic quantitative evaluation
suggests that the most abundant pUC19 topoisomer at culture temperatures of 37°C has a writhe value of -10,
while at 50°C it is -4. An increase in culture temperature of about 13°C causes a reduction of negative writhe of
Fig. 4.12: 2 dimensional gel electrophoresis of
plasmids belonging to E.coli grown at 37°C (left)
and 50°C (right)
I
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about 7 turns. In the same figure, it can be seen that topoisomers are negatively supercoiled. In fact, by
comparing them with the example in figure 2.9, it is seen that fir this case they remain on the left of an ideal arc
(when looking down the II axis) that would be formed if all possible topoisomers were present. Positive
topoisomers would occupy the right portion of this arc.
The static description obtained so far for bacterial plasmids grown at different temperatures tells us that the main
change is a reduction of negative supercoiling. It means that plasmids produced at 50°C have a less negative
superhelical density (their linking number is still smaller than Lk0, but the difference between them is reduced). If
we want to try to understand the reason for this behavior, it is important to study how these different populations
behave as a function of the temperature, in other words, we have to analyze their thermal stability.
The TGGE is accurate and convenient for this purpose as it was described in section 2.2.2. In figure 4.13 the
electrophoretic records of the TGGE of pUC19 obtained from cells grown at 37°C, 42°C and 50°C  are shown.
It is worthwhile to remember that Viglasky et al. [124] showed by TGGE that more negatively supercoiled
plasmids have an earlier temperature-induced relaxation compared to less negatively supercoiled ones. This is in
agreement with statements made in the previous section that say negative superhelicity destabilizes the double
helix and so it is sufficient a lower temperature to separate locally the strands, relaxing the plasmids. In the
TGGE showed in figure 4.13, by looking at the bands migrating at 25°C, it is confirmed that the population of
plasmids grown at higher temperature is more relaxed. Besides this data, the temperature behavior shows that the
thermal stability of the ensemble of topoisomers shifts to higher temperatures for ones grown under more
extreme thermal conditions. The plasmid sample grown at 37°C is almost completely composed of highly
negatively supercoiled molecules. They are represented by the fast moving band containing almost all
topoisomers which cannot be separated due to their high superhelicity. Further, looking at this band in the
direction of increasing temperature, it is possible to appreciate the already mentioned phenomenon of different
relaxiation temperatures for different supercoiled plasmids. We can say that plasmids which cannot be separated
simply by relative mobility can be distinguished by thermodynamic behavior. For the sample grown at 42°C
(center image), it is already possible to see the presence of less negatively supercoiled topoisomers (slower
Fig. 4.13: TGGE of a plasmid purified from
bacteria grown at different temperatures. From left
to right 37°C, 42°C and 50°C
25˚C 25˚C 25˚C75˚C 75˚C 75˚C
bands) which dominate the sample grown at the highest temperature (50°C, right image). In this last sample, the
topoisomers as appear as well separated bands, in agreement with their lower superhelicity. Even more
importantly, by comparing the melting transitions for the three different samples, it is evident that the 50°C
sample is the most thermally stable. They are almost all still in a supercoiled conformation (right image) while
the plasmids grown at 37°C (left image) are already all relaxed.
One interesting feature of the TGGE data shown in figure 4.13 is the presence of a slowly migrating band which
strongly increases in size with increasing growth temperature and which does not undergo any temperature
induced transition.
We have characterized, by atomic force microscopy, all the species analyzed by electrophoresis. First, we
compared a population of topoisomers extracted from bacteria grown at physiological temperature and adsorbed
onto a mica surface at room and higher temperatures. In figure 4.14, images of plasmids deposited onto a mica
surface at 25°C, 55° C and 60°C are shown. Even if a whole population of plasmids with different relaxation
temperatures was present in the sample, a general trend can be seen in terms of structural transition. The images
of the sample deposited at room temperature indicate that the population is mainly in a supercoiled state; for
some of them it is easy to see the characteristic plectonemic structure. Only a few relaxed plasmids are present
on the surface. The number of relaxed plasmids rapidly increases at 55°C leading to a coexistence of supercoiled
and open DNA almost in equal proportion. The population is completely converted into open circles when the
sample is prepared at 60°C.
Fig 4.14 : Plasmids from bacteria grown at 37°C
but adsorbed on mica at different temperatures:
25°C (top), 55°C (middle) and 60°C (down). The
scale bar is 100 nm.
These results tell us that the plasmids undergo a temperature induced conformational transition from
plectonemically supercoiled structures to circular open ones in accordance with the TGGE data. For TGGE, at
low temperatures the plasmid mobility increases linearly with T, indicating that the plasmid shape is not
changing, while at higher temperatures, according to their superhelicity, they relax and acquire a lower mobility
as indicated by the TGGE data.
Looking at plasmids purified from E.coli grown at different temperatures, we are now able to further
characterize the population of topoisomers and identify the species present in the large band which have very
low mobility.
Images of plasmids isolated from bacteria grown at 37 °C and at 50°C are shown in figure 4.15. The former are
strongly supercoiled, some of them in tight plectonemic structures, with a very small presence of relaxed ones.
The latter are mainly relaxed with the presence of large structures, some of them linear and some circular, in
many images. Their size is several times larger than that of regular plasmids, explaining their low mobility. In
some images the comparison can be done directly because normal plasmids are present in the same region of the
surface. In others, two or more images at the same scale allow one to make a comparison.
Fig 4.15 : Images of plasmid purified
from E.coli grown at 37°C (top) and
50°C (down). The scale bar is 100
The images shown in the present section are all from plasmid samples adsorbed onto mica in the presence of
divalent cations. The stock solution, which is derived from the cell solution and will be described in more detail
in appendix 2, was diluted in TE buffer to a final concentration of 0.5 g/ml. MgCl2 was then added until a final
concentration of 5mM was obtained and the droplet was blotted onto freshly cleaved mica, left to adsorb for 2
minutes, rinsed with UHQ water and finally blown dry with clean air. For high temperature deposition, samples
and substrates were kept in a chamber at the required temperature. Images were performed with the AFM
operated under tapping mode in ambient conditions with the cantilever oscillated at frequencies ranging between
150 and 300 kHz.
4.5 Influence of DNA binding drugs on the topology and thermal stability of ccDNA
4.5.1 DNA binding molecules
The regulation of many biological mechanisms in living cells involves sometimes alterations of the DNA
structure. Many proteins bind and modify locally the DNA structure by bending, cutting or unwinding the double
helix, allowing us to say that also in the secondary and tertiary structure of DNA a certain amount of information
is contained. The structure of DNA can be strongly modified both on a local and global scale by a wide class of
DNA binding molecules. These are usually chemical compounds which exploit some basic rules of interaction
with the repeated double helix motif. The interactions of small molecules with DNA have been studied for
several decades with the hope to learn how certain molecules can target specific DNA sequences. Two main
kinds of non-covalent DNA binding drugs are known: base intercalating and minor groove binding molecules
[127, 128]. Intercalating molecules are the group of compounds that binds between the bases of the DNA double
helix. Minor groove binding molecules bind instead in the region of the helical turn called the minor groove.
Two crystallographic images [129] of these DNA binding molecules inserted in a short fragment of the double
helix are shown in figure 4.16.
In this chapter, we shall focus on the intercalation and on the modification that these DNA binding molecules
can introduce on the structure and thermal stability of supercoiled plasmids. Intercalation is driven mainly by the
hydrophobic interaction between the DNA base pairs and the intercalating molecule, which acts essentially as a
rigid body with little local conformational change upon binding [130]. The intercalating molecules are usually
composed of a highly hydrophobic aromatic ring. An increase in complex stability is observed when the
aromatic intercalator is a cation.
Some intercalating molecules have been used as anticancer drugs, but many others are carcinogens.
Anthracyclines, which are used in the present work, are important intercalating components in many
combination chemotherapies showing activity against solid tumors and haematological malignancies [131]. The
structural modifications that we have studied could cause these effects by, for example, inhibiting the activity of
many DNA binding proteins [132], but so far clear evidence for this is still lacking.
What is well known is the way in which intercalating molecules distort the DNA double helix. The molecule that
we used for our experiments is daunorubicin (Dau) and its chemical structure is shown in figure 4.17. Upon
intercalation, the secondary structure of the DNA changes slightly as a consequence of an increase in spacing
between base pairs flanking the intercalating agent. This leads, first of all, to an increase of the DNA length:
Coury and coworkers determined by AFM an elongation of 20% at 10M daunorubicin concentration [133].
While this is the only observable effect for linear DNA molecules, when intercalating molecules are bound to
supercoiled plasmids, big changes are induced in the tertiary structure. The intercalating molecules provoke an
untwisting of the double helix (figure 4.17) in addition to increasing the space between the base pairs and, as a
consequence, they change the tertiary structure of the plasmids.
Fig 4.16 : Two examples of DNA binding
molecules: left shows a minor groove binding
molecule, right shows an intercalating one.
In fact, by reducing the number of base pairs per helical turn, the twist (Tw) of the molecule decreases and, as
seen by equation 4.1, in order to keep constant Lk, the writhe of the molecule will increase. From a practical
point of view, this means that the intercalating molecules induce a change in conformation from a more negative
to a less negative number of superhelical turns. For the case of a DNA molecule with positive writhe,
intercalators will increase it. A negative supercoiled plasmid will tend to relax, while a positive one will become
more compact.
This effect is very different from the relaxation induced, for example, by topoisomerases, because in that case by
cutting one or two strands the whole topology of the molecule is changed. During intercalation, the topology is
kept constant and the plasmid changes its superhelical configuration to compensate for an internal helicity
change.
In this work, we analyzed the effect of daunorubicin on the thermal stability of plasmids, correlating it with the
conformational changes induced by its binding. In collaboration with the group of Dr. Viglasky of the P.J.
Safarik University of Kosice, temperature gradient gel electrophoresis was performed on samples of DNA with
the presence of different amounts of intercalating molecules. The results of a TGGE run with the presence and
absence of daunorubicin in the buffer are shown in figure 4.18.
Fig 4.17 : Chemical structure of
daunorubicin and a schematic
representation of the distortion induced
in the DNA double helix upon binding.
It is evident how the pattern of bands changes in the presence of 0.507 g/ml of intercalating agent. In the upper
image of the figure we see a single classic transition, as already described before, while in the lower one there
are two transitions. A second transition is present at around 60°C followed by the typical denaturation which is
now shifted to about 70°C. What causes this change? Looking at the low temperature region of the two gels, one
can see that in TE buffer there is a relatively large band containing the most supercoiled plasmids. In the
presence of daunorubicin, this band becomes a series of well separated bands which migrate more slowly.
Following accurately each band, in the direction of increasing temperature, one will notice that they start to
migrate more and more slowly till they meet the band of the open circular molecule. Then they start to accelerate
again showing the characteristic melting profile at higher temperature. It is very interesting to see that the fastest
band at low temperature becomes the slowest for the supercoiled forms after the first transition. The
interpretation is that, at this intercalating concentration, the plasmids at room temperature have all become
positively supercoiled (Wr>0). Upon increasing the temperature, the thermal energy forces daunorubicin off of
the double helix and each topoisomer will recover its original negatively supercoiled state. According to
equation 4.1, if all the molecules have been intercalated by approximately the same amount of daunorubicin,
leading, for all of them to the same shift in superhelical turns, the most negatively supercoiled topoisomers are
converted into the least positive ones and the least negatively supercoiled into the most positive ones. To support
this interpretation of the gel data, we have made AFM images of plasmids adsorbed onto a mica surface in the
presence of different amounts of intercalating agent and at different temperatures. AFM Images of pUC19 taken
after adsorption onto mica in TE buffer, with 0.4 g/ml Dau and 20g/ml Dau are shown in figure 4.19. In these
images, taken at low magnification, one is able to see that the plasmids are initially all negatively supercoiled
and then upon increasing the daunorubicin concentration, are first relaxed (the decrease of twist adsorbs all the
superhelical turns) and then positively supercoiled. In figure 4.19, it is not possible to distinguish the chirality of
Fig 4.18 : TGGE analysis of the pUC18 (a)  in TE buffer
and (b) in the presence of  0.507 g/ml of daunorubicin.
25˚C 75˚C
a)
b)
the supercoiled molecules because of the low resolution. With AFM, only a few images clearly allowed the
chirality of the supercoiled plasmids to be determined, mainly because of the collapsed shape usually adopted by
plasmids on the mica surface. The first successful attempt was done by Samorí and coworkers in 1993 [101].
At higher magnification, some images show quite clearly, in our sample, that the plasmids’ chirality changes
from negative to positive Wr in the presence of an intercalating molecule. Figure 4.20 shows two plasmid images
after zooming on the images of figure 4.19. With the help of the schematic below them, it is possible to see that
the superhelix is left and right handed respectively. This proves that the room temperature configuration of the
plasmids studied by TGGE is negatively supercoiled in the absence of intercalators and positively in the
presence of a certain amount of intercalating molecules.
The concentrations of daunorubicin used for the TGGE and AFM experiments are different, because AFM
imaging on mica requires the presence of Magnesium (5-10 mM) which competes strongly with Dau for binding
to DNA. Several control experiments have been performed, mainly by varying the concentration of Mg in
TGGE, to better understand the AFM results. Appendix 3 summarizes the results of these control experiments.
Fig 4.19 : Images of pUC18 adsorbed on mica in the presence of
different concentrations of Dau . From the top: 0 g/ml, 0.4
g/ml and 20 g/ml. The size of all images is 2 m x 2 m.
[D
au
]
Once we succeeded in characterizing the plasmid conformation after binding of daunorubicin, we imaged the
intercalated topoisomers at different adsorption temperatures. This allowed us to identify the temperature-
induced conformational changes and verify the TGGE model described previously.
In this set of experiments, the Dau concentration was kept constant and the adsorption was done at different
temperatures. In figure 4.21, a TGGE gel is shown after a run with Dau and MgCl2 present. The insets are AFM
images obtained at temperatures corresponding to different conformations. For reason of gel stability, the
absolute Dau and MgCl2 concentrations for the TGGE experiments were different from those for the AFM
experiments, but the ratio between them was the same.
Even if the presence of MgCl2 meant sometimes doing more control experiments, it was always preferred to
image DNA on a freshly cleaved mica surface, because it is less rough compared to an amino modified substrate.
This allowed us to obtain higher resolution images, especially when it was necessary to determine the chirality.
Fig 4.20 : High resolution images of a
negative plasmid and positive supercoiled
plasmid. The DNA chirality is illustrated
below each AFM image. Image size is 582
nm x 582 nm for the left image and 512 nm x
512 nm for the right one.
Our imaging experiments allowed us to correlate temperature-induced plasmid conformations with their
topology. They further confirmed the importance of the different topological states, either naturally occurring
ones or those induced by binding molecules, in terms of the thermodynamic properties.  In all these experiments,
no measurements of DNA length changes were possible, as done by Coury and coworkers, mainly because, as
shown in the images, the molecules are always in a compact supercoiled state which prevents any accurate
tracing of the contour.
Fig 4.21 : TGGE of pUC18 in presence of Dau
and MgCl2; the insets show AFM images
corresponding to the different temperatures.
The scale bars are 100 nm.
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4.6 DNA knots
In this section, another example of circular DNA will be discussed as it was just briefly mentioned in section
4.1.1, i.e., the bacteriophage P4 DNA [90].
P4 is an icosahedral bacteriophage, whose genome is an 11.6-kbp DNA molecule with 19-bp cohesive ends
[134]. During phage morphogenesis, once a proteinic procapsid is formed, one copy of the viral genome enters
it. This is an ATP-consuming process carried out by the protein complex known as connector [135]. In the
‘‘mature’’ P4 phages (i.e., complete infective particles with capsid and tail), one of the two cohesive ends of the
DNA is known to remain anchored near the connector region [136], while the bulk of packed DNA, plus its
associated water molecules, virtually occupy the total volume of the capsid. The samples that will be shown here
have been obtained from tailless mutants of P4 where, in addition, the deletion of 1.6-kbp has been performed.
This provides a 10-kb DNA genome which, once extracted from the capsid, is 95% knotted with a very complex
spectrum. In fact, 97% of knots have more then 10 crossings and the average number of crossings is ≈26.7.  Just
briefly, it is interesting to know that, in the native phage (with the tail), the percentage of knotted DNA is 47%,
indicating that the chance of the two cohesive end meeting inside the capsid strongly increases the knotting
probability.
Several papers have been produced on this topic, especially by the group of J. Roca, where the effect of the high
packing of DNA inside the virus has been addressed as the main reason for knotting [137, 138].
In our experiments, we investigated the effect of different kinds of adsorption on the shape of the knots. We were
especially interested to see if a projection from the three dimensional bulk conformation was different compared
to the case of a relaxed molecule two dimensions.
There are, in fact, several works in theoretical physics concerning the problem of tightness of a knotted polymer
and its behavior in a flat space [139, 140].
To achieve these two situations, we used, respectively, APTES reacted mica in normal buffer for trapping and
the same surface with a very high ionic strength buffer for the 2D equilibration. The DNA sample was kindly
supplied by the laboratory of Dr. Roca in Barcelona. It was purified according to a protocol described in the
literature [138] and, as can be seen in the gel image of figure 4.22, it is a mixture of very complex knots. During
gel electrophoresis performed at low voltage, the knots migrate according to their complexity, and specifically
the more complex knots migrate faster.
When adsorbed onto AP-mica in a buffer containing only 10mM Tris pH 7.4, the knots appears as illustrated in
figure 4.23. They have a very compact form with the crossings distributed over all the chain length. Looking at
the linear molecules present in the same sample (their small amount can be seen also in the electrophoresis data
of figure 4.22), it is evident that their behavior strongly resembles that shown (for -DNA for the case when a
3D Flory exponent was determined).
From the experimental point of view, it was very important for us to be able to identify the upper and the lower
strand in the crossing. for A future complete characterization of the DNA knot spectrum by AFM looks very
promising. Presently, the complexity of the knots imaged it is too high and it is impossible to determine the type
of knot using AFM data.
Fig. 4.22 : gel electrophoresis analysis of knotted DNA at low
voltage (20h at 25 V) taken from the work of Trigueros et al. [56].
The DNA sample is the same used in this work. Lane 1 shows the
full population of knotted, unknotted and linear. Lane 2 shows the
same sample after heating and unknotting. Lanes 3 and 4 are,
respectively, restriction endonuclease and DNA Topoisomerase II
treatment.
For almost all knots, there is a region of compact conformation. This effect is due to the topological constraints
of the knots together with the trapping procedure. In fact, once the knot reaches the surface, it is strongly bound
to it, but, especially in view of the spheroid conformation assumed in bulk [141, 142], there is little lateral
Fig. 4.23 Gallery of DNA knot images taken under conditions of strong
trapping a), b), c), d) e). The inset in d) shows a magnification of a crossing, f)
linear forms in a 3D-like conformation. The scale bars are 100nm.
spread. There is a balance between fast binding and maximization of the surface contact area between the mica
and the molecule. In figure 4.24, a very rough diagramof the process has been drawn.
When the same DNA sample is blotted onto AP-mica, but in a buffer with very high ionic strength (10 mM Tris
pH 7.8, 300 mM NaCl), the conformation assumed on the surface is different, as can be seen in figure 4.25.
Almost none of the knots are in a compact shape as seen before, but they tend to assume a conformation in
which the crossing are concentrated into a relatively small part of the DNA chain and the rest of the molecule is
in a “relaxed-like form”. It is again important to focus attention for a while on the linear molecules present on the
surface. These are in fact without any crossings as it was demonstrated in paragraph 4.3. For comparison one
should look to figure 4.10 where similar buffer conditions have been used and reported together with the other
two cases characterized in section 4.3.
The localization of knots in a polymer has been predicted theoretically [139]. From our image data, this effect
seems to be independent of the complexity of the knot. In some images, a circle has been drawn to allow an easy
comparison between the size of the knot and the size of the full molecule. An interesting feature to note is that
complex knots have a topography which is higher near the center. In figure 4.25 one can see that less complex
knots do not show this effect, because there is less “off-surface” rising of the strands induced by topologic
constrains.
A very basic interpretation of these results is that the molecule, once adsorbed on the surface, starts to relax
which results in the removal of all possible crossings. This leads, with the presence of irreversible crossings to an
accumulation into a relatively small part of the DNA chain.
Fig. 4.24 schematic showing the conformation
assumed by the knot upon binding onto the
surface
To conclude our study, we tried to unknot the molecules as suggested by Roca and coworkers [138], by
thermally separating the extremities and then re-annealing. The molecules were heated for 5 minutes at 75°C and
then left to re-anneal in an appropriate buffer (10 mM Tris pH 7.8, 100 mM NaCl). The results are reported in
figure 4.26 where one can see the unknotted circular molecules. In the same figure, an attempt has been done to
qualitatively identify the different migration speeds on the gel using AFM images.
Fig. 4.25 Gallery of DNA knots adsorbed onto
mica under equilibration conditions. Scale bars
100 nm.
4.7 Discussion
In the present chapter, AFM imaging has been used to study the conformational changes of closed circular DNA.
Compared to the experiments with GroEL, here we have used the microscope only to do snapshots of the
biomolecules frozen in the conformational state of interest. Experiments were done in combination with other
Fig. 4.26  Schematic representation of the AFM knot
images (in  the 3D-like conformation), with respect
to their migration rate in the gel at low voltage.
analytical techniques, such as TGGE and normal electrophoresis which allow one to follow the evolution of the
conformational changes, but without any detailed structural information. High-resolution imaging filled this gap.
Supercoiled DNA is a system whose conformation has been described in a very accurate way by means of
topology formalism. It is, thus, possible to obtain physically and biologically relevant information for different
conformations while following the transition through these topological states. For example, we have shown how
the cell tends to produce more and more relaxed topoisomers upon exposure to temperatures higher than
physiological ones [143, 144]. The structural analysis that we have made of  progressive DNA relaxation has
been correlated with an increase in thermal stability. The topological state is, in fact, known to be very important
for many cellular processes, in particular those where strand separation is required, from a thermodynamic point
of view. Maintaining an energy barrier for this kind of phenomena at a correct level is a fundamental task for any
organisms. In our case, we saw that the cell, when exposed, for instance to high temperatures at which the
naturally occurring topological states would be permanently denatured, produces more relaxed plasmids
increasing their linking number. In this way, the molecules, which are more thermally stable, will not be
denatured and the energy barrier necessary to overcome for strand separation will be compatible with the thermal
energies at higher temperatures.
From this conclusion, it is evident how the supercoiling state is a parameter which must be carefully regulated.
In the cell, in fact, there is a pool of enzymes devoted to this task. The Topoisomerases are constantly regulating
the superhelicity of the plasmids of the cell, both to help some processes and in response to any external stimuli.
In the literature, it has been reported that the change in supercoiling associated with some external stimuli could
be the trigger for a more complex cellular response [145].
In the second part of the chapter, we performed a similar analysis of the conformational changes of supercoiled
plasmids, but this time induced by the interaction with a particular class of DNA binding molecules. The study
of intercalation was particularly useful for the general aim of this thesis work; it allowed us to explore thermally
induced conformational changes of plasmids from positive to negative supercoiled states. In this case, the atomic
force microscope image data was useful for identifying the different conformations at different
intercalation/temperature conditions. The intercalating molecules studied here are widely used in anticancer
therapies and, even if the ultimate cause of cell’s death is not well known, it was interesting for us to see that one
of the first effects induced is an alteration of the DNA structure and a big conformational change in terms of the
plasmid’s chirality. Furthermore, the positive superhelicity stabilizes supercoiled plasmids at higher temperature,
which agrees with the presence of them in thermophilic bacteria.
An analysis, in terms of statistical chain properties, of the effect of adsorption onto mica on the conformation of
DNA preceded the results shown here. We continued along the way started by previous groups, but by
performing a different kind of analysis which is more suitable to obtain information about adsorption effects, as
well as, the physics of the double helix. We were able, in fact, to determine the Flory exponents and persistence
length for long DNA molecules, finding an impressive agreement with previously reported results. The different
deposition procedures which achieved a fast binding or relaxation on the surface were characterized in detail.
An interesting application for these results was the exploration of the dimensionality effect for the conformation
of knotted DNA molecules from viral capsids. For example, it was shown how in two dimensions the knots tend
to localize in a small region of the chain, while a two dimensional projection from a three dimensional
conformation shows that the knots keep a compact shape.
In Appendix1, the silanization procedure is described in details (Lyubchenko’s protocol).
.
5. Conclusions and perspectives
Quantitatively observing a single biomolecule under quasi-physiological conditions opens up, to the scientific
community, the possibility to extract information in an almost model-independent way.
In the present work we have shown some applications in this area and have tried to learn new things from the
direct observation of different conformations assumed by biomolecules.
Concerning the work with GroEL, we have shown how we were able to monitor local changes of environment
“inside” a complex with a size of few nanometers. The change from a hydrophobic to a hydrophilic surface
inside the GroEL cavity, even if widely predicted in literature from the atomic structures and by indirect bulk
measurements, has been probed in a direct way revealing how important is to use the appropriate sensor to
evaluate a specific physical property. The hydrophobic AFM tips have allowed us to mimic the interaction
between an unfolded substrate protein and the chaperonin active site.
The stability of GroEL has been thoroughly investigated, because it has represented an obstacle to the “on-line”
visualization of the ATP induced conformational change. In fact, the weakness of the double ring structure
induced  by ATP hydrolysis, the same trigger for the conformational change, did not allow the AFM tip to stay
on the same protein long enough to see the expected change in height. The possibility to change the buffer while
imaging the proteins was of basic importance in the individuation of the exact step in the GroEL destabilization,
because we were able to use many other ligands, especially the non-hydrolysable analogs of ATP which
reproduce the binding event, but not the hydrolysis. Furthermore, the activity of the GroEL molecules present in
the AFM fluid cell was continuously monitored by interaction with the cofactor GroES. Some preliminary
studies were performed with stabilizing factors which should strengthen the double ring structure, allowing it to
be scanned many times even while ATP hydrolysis was taking place. The main future goal will be to achieve
conditions good enough for both the stability and activity of the chaperonin. In fact, very good imaging results
can be already achieved using strong stabilizers, like cross-linkers, but these conditions prevent biological
activity.
The study of DNA molecules, even if dealing with molecules dried and thus frozen in a defined conformation,
were performed to get single molecule information about processes that were studied by other classic bulk
techniques (electrophoresis).
A very important step in this work was a systematic analysis, using the tools of polymer chain theory, of the
effect of the imaging procedures on the conformation assumed by the DNA molecule on the surface. On the one
hand, it allowed us to measure with reasonable precision some statistical mechanics parameters and to correlate
them with the molecular structure. On the other hand, it provided an interpretation of the results obtained with
the various imaging protocols used. It is especially important to note how it has been possible to extract
information about the three dimensional bulk conformation of a chain from images of it adsorbed onto a surface.
The application to DNA knots gave some evidence of how the conformation of a molecule can change once
bound and relaxed on a surface (two dimensional space conformation compared to the three dimensional one).
This is an important point, because biopolymers can often interact with large membranes which can be
considered as a surface.
Finally, the study of the topological states of plasmids grown in cells exposed to stressful conditions and how
this affects the thermal stability of supercoiled DNA was carried out. We could show how important is for the
cell to accurately control the topology of DNA in order to keep all DNA associated processes working, even if
far from optimum growth conditions.
Appendix 1
Functionalized AP-mica for DNA immobilization.
The AP-mica was prepared according to the protocol described by Lyubchenko et al. [97].
Small disks of freshly cleaved mica are put in a 5 liter desiccator with of 30 l of APTES and 10 l of N,N-
diisopropylethylamine (DIPEA).
A rough vacuum (several mm Hg) is made in the desiccator which is then purged by Argon.  The system is left
to react for approximately two hours at room temperature. Afterwards the reagents are removed and the “APTES
reacted” mica is stored in the same dessicator in a dry Argon atmosphere which is crucial for the retention of the
APTES activity.
AP-mica prepared and stored in this way can be used for several weeks.
Hydrophobic AFM probes
The hydrophobic cantilever/tips used for all our experiments were made in the following
manner: cantilevers/tips (Digital Instruments, Santa Barbara, USA) were cleaned with an
aqueous soap (microclean detergent) solution and then rinsed several times with ultra pure bi-
distilled, filtered water. After drying, they were placed into a special chamber for reaction of
the silicon nitride surface with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (ABCR GmbH,
Karlsruhe, Germany.) under water free conditions at a temperature of 130° C for 1 to 1.5
hours. After completion of the reaction, the cantilevers/tips were then removed from the
chamber and stored in Fluoroware containers until used.
.
Appendix 2
Bacteria culture and plasmid isolation
All reagents and chemicals used were obtained from commercial sources. Plasmid pUC19 and
agarose type II No A-6877 was purchased from Sigma Ltd., LB medium from Fluka
Biochemika. The restriction enzymes, EcoRI and BamHI, were purchased from Promega
Biosciences, Inc. The plasmids were used to transfect Escherichia coli HB101.
Aliquots (25 ml) of exponentially growing Escherichia coli were cultured to an optical
density of 0.3-0.4 at 600 nm in LB medium supplemented with ampicilin (75 g/ml) at 37 °C
and were further incubated (350 ml) in the presence of ampicilin (150 g/ml) at higher
temperatures (38-50°C) for 12-20 h. Growth was stopped at the late exponential phase by
immediate chilling on ice to avoid any topological changes induced by residual topoisomerase
activities during the plasmid isolation. The standard alkalic lysis procedure for plasmid
purification was used. DNA plasmids were digested by EcoRI and BamHI restriction
enzymes and analyzed by 1% agarose gel electrophoresis.
Supercoiled DNA must be prepared and handled with care for two reasons: first,
cleavage anywhere within the entire circular molecule completely changes the
topology and removes the superhelical constraint; second, the supercoiled molecules
are more sensitive to damage than normal DNA, thus conditions that lower helix
stability should be avoided.
Appendix 3
Dau/Mg competition
TGGE of pUC19 in the presence of various concentrations of
Dau and magnesium chloride. The molar ratio of Mg/Dau is
maintained at the value of about 700. The buffers used for these
experiments were the same as for the experiments depicted in
Fig. 4. The concentrations of magnesium chloride are: a) 0.5; b)
25                                 75TEMPERATURE (∞C)
(-)
(+)
(-)
(+)
(-)
(+)
a)
b)
c)
TGGE of pUC19 in the presence of various
concentrations of Dau and with/without the presence of
magnesium.  The buffer was 50mM Tris-HCl, pH 7.8.  The
magnesium chloride concentrations are a) 0; b) 0.1 and c)
0.25 mM. The concentration of Dau in a), b) and c)  is 150
nM
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